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ABSTRACT
The discovery in 1985 of fullerenes combined with the development of STM
beginning in 19811-6 is credited as the starting point of the current nanoscience
revolution. Endohedral fullerenes, discovered shortly after, have drastically different
electronic properties when compared with the empty fullerenes. This dissertation has as
its central focus the synthesis and electronic properties of endohedral metallofullerenes
and other endohedral nanostructures.
The opening chapter gives a brief background of the discovery of fullerenes. A
comprehensive literature list is given for the various families of trimetallic nitride
endohedral fullerenes as well as other large endohedral metallic cluster fullerenes.
Finally, a brief overview of the discovery and differentiation of the types of carbon nanoonions is presented. The second chapter presents the relevant theory and background for
both EPR spectroscopy and electrochemistry.
Chapter 3 spotlights Sc3N@C80: its synthesis and electronic characterization by
electrochemistry and EPR spectroscopy as well as its change in behavior upon the
addition of functional groups onto the cage.
Chapter 4 expands the previous chapter’s data to other M3N@C80 and compares
and contrasts with the analogous behavior of Sc3N@C80.
Chapter 5 describes the attempted electrochemical synthesis of an endohedral
lithium open fullerene complex, Li+@OF, and its characterization.
Chapter 6 reassigns the EPR data formerly attributed to the endohedral fullerene
Cu@C60 to a different and previously characterized organic molecule.
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Chapter 7 gives a strategy for the synthesis of the first ‘super-endohedral’
nanostructures CNO@CNT.
Chapter 8 attempts a prediction of the next potentially significant direction in
endohedral fullerene composition and structure.
The appendices at the end of the dissertation contain brief reports on unrelated
work attempted or completed during the course of this degree. Various electrochemical
and EPR studies on organic molecules are presented.
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CHAPTER ONE
PREVIOUS EXPERIMENTAL RESULTS
Background of Fullerenes, Endohedral Fullerenes, and Trimetallic Nitride Endohedral
Fullerenes
Prior to 1985, the only known allotropes of carbon were diamond and graphite.
While attempting the synthesis of long carbon chains similar to those thought to form in
interstellar space, Kroto, Curl, and Smalley discovered two stable all-carbon clusters, C60
and C70, which formed preferentially in a helium atmosphere when a pulsed laser
vaporized a carbon target. They correctly identified the C60 structure as a closed soccer
ball-shaped truncated icosahedron and named it after the architect Buckminster Fuller.7
Known as buckminsterfullerene, buckyballs, or fullerenes, these hollow structures
represented an entirely new allotrope of carbon and paved the way for a revolution in
carbon chemistry. Soon afterwards, the same research team found that when their carbon
target was impregnated with a metal such as lanthanum, mass spectra showed that the
masses of stable carbon-60 and carbon-70 fullerenes each increased by the mass of one
La atom.8 Again, Kroto and coworkers correctly surmised that the La atom was trapped
inside the C60 and C70 fullerenes, forming the first endohedral (simply meaning ‘inside
solid’) fullerene complex.

After Krätschmer and Huffman verified the structure of

spherical shape of C60 by X-ray crystallography,9 laboratories around the world copied
the design of their arc reactor and new fullerenes began to be discovered at a rapid pace.
Though many papers about endohedral metallofullerenes had been published by 1999,
not many had been fully isolated and characterized.4-9
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Figure 1.1 Empty-cage IPR constitutional isomers of C80 arranged by thermodynamic stability. Red boxes
surround cage isomers that have been experimentally found to encapsulate trimetallic nitride clusters.

In 1999, Dorn and coworkers at Virginia Tech serendipitously discovered that
when a small amount of di-nitrogen gas was leaked into a helium atmosphere in a
Krätschmer-Huffman (K-H) arc reactor in which the anode contained Sc, the main
product was a carbon-80 fullerene inside of which resided a nitrogen bound to three
scandium metals.10 This new fullerene with the biggest endohedral cluster to date had
properties never before seen in an endohedral complex. X-ray crystallography showed
that the C80 cage had icosohedral, Ih, symmetry, which for empty C80 was the least
thermodynamically stable of all the seven IPR cage isomers due to its open shell
electronic configuration (Figure 1.1).11 (IPR, an abbreviation for ‘Isolated Pentagon
Rule,’ is a general characteristic of stable fullerene cages in which each five-membered
ring is bounded on each side by hexagons.) In addition, the Sc3N endohedral cluster had
never before been synthesized or isolated by itself because of its inherent instability. The
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almost symbiotic existence between the cluster and cage was found to be due to the
largest charge transfer in any endohedral complex—six electrons donated from the
cluster to the cage that fill the HOMO of the latter—resulting in a complex with formal
charges represented by[Sc3N6+@C806-].5-7 The large increase in stability from the charge
transfer made Sc3N@C80 the most thermodynamically, and thus, chemically stable of all
the fullerenes, empty or filled. In fact, in the arc synthesis of this molecule, it is formed
by far in the largest yield of any fullerene, excluding C60 and C70. The complete known
family of the scandium-containing trimetallic nitride endohedral fullerenes is represented
by Sc3N@C68, Sc3N@C78, and Sc3N@C80, and their synthesis, structure, and reactivity is
described extensively in the literature.12-1516-65 Two other unique scandium-containing
clusterfullerene variations are the scandium carbide fullerene family, Sc2C2@C2n and
Sc3C2@C2n.66-77 Other metals have been substituted for Sc, forming various families of
M3N@C2n reported in the literature, with the larger metals preferentially templating
larger cages than C80, as for scandium. These families are as follows: Y3N@C2n;28,45,78-82
Er3N@C2n;58,83-88 Lu3N@C2n;35,89-92 Tb3N@C2n;93-98 Ho3N@C2n;95,99 Dy3N@C2n;100-106
Gd3N@C2n;60,98,107-113 Nd3N@C2n;114 Pr3N@C2n;115 and Ce3N@C2n.115 Even mixed-metal
nitride endohedral fullerene families have been synthesized and studied.116-121

The

discovery of these large endohedral cluster fullerenes signaled a significant turning point
in fullerene research since from 1999 until now, due to its availability from high synthetic
yields and interest in its novel chemical and electronic properties, the M3N@C2n families
have received by far the most attention of any class of endohedral fullerene compounds.
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Background of Carbon Nano-onions (CNOs)
In the early 1990s, two new allotropes of carbon were discovered almost
simultaneously: carbon nanotubes and carbon nano-onions (CNOs). TEM images of the
first carbon nanotubes synthesized by Iijima in 1991 using a K-H arc reactor showed
tubes with multiple layers made up of rolled-up graphene sheets.122 Two years later,
Iijima and Bethune independently reported that the addition of transition-metal catalysts
in the carbon electrodes facilitated the formation of single-walled carbon nanotubes with
roughly the same diameters as those of fullerenes.123,124 While synthetic batches of
single-wall carbon nanotubes consist of mixtures of conducting and semiconducting tubes
(depending upon the direction relative to the graphene hexagons that the graphene sheet
‘rolls up’ to form the nanotube), multiwall carbon nanotubes are conductors.
Though carbon nanotubes have accounted for the bulk of the attention, CNOs
represent an exciting field of study that has not yet reached its zenith. In fact, this
allotrope of carbon has received almost no attention since its discovery in 1992 by
Ugarte.125 Formed spontaneously from amorphous carbon in an electron beam, these
multi-layer curled graphitic sheets in spherical and polyhedral morphologies and
somewhat resembling nested fullerenes can be synthesized as well in two other means: by
arcing graphite electrodes underwater,126 and by annealing nanodiamond in vacuum or
inert gas atmospheres.127,128

The characteristics, size, and morphology of the CNO

products vary between the synthetic methods. The relationship of fullerenes to CNOs can
be thought of as analogous to the relationship between single-wall and multi-wall carbon
nanotubes. In fact, an idealized icosohedral CNO can be modeled as Cn@C4n@C9n.
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Figure 1.2 shows a simulation of the three-layer CNO C60@C240@C540. Perhaps one of
the reasons that CNOs have received little attention until recently is their general
insolubility in any solvent, though lately this has been remedied via chemical
functionalization. Destined to become a popular topic in nanotechnology soon, carbon
nano-onions represent an all-carbon multiple-layered self-contained endohedral structure.

Figure 1.2 The idealized three-layer icosohedral CNO C60@C240@C540.
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CHAPTER TWO
EXPERIMENTAL INSTRUMENTS AND TECHNIQUES
Background of Electron Paramagnetic Resonance (EPR) Spectroscopy129,130
Electron paramagnetic resonance (EPR) spectroscopy is a magnetic resonance
technique analogous to nuclear magnetic resonance spectroscopy (NMR). Developed in
the 1950s, it is used to probe the chemical environments of paramagnetic molecular
systems (those having unpaired electrons).
Spectroscopy measures the interaction of light with matter. Light can be thought
of as a propagating wave with two perpendicular components: an oscillating electric field
and an oscillating magnetic field. For most spectroscopic techniques, such as rotational
or vibrational spectroscopy, the oscillating electric field component interacts with a
molecule by stimulating an oscillating electric dipole in that molecule. For absorption of
energy to occur, the energy of the light quanta, hν, must match the separation between
energy levels in the molecule. A molecule with magnetic dipoles should interact with the
magnetic field component of light. However, to obtain a molecular magnetic dipole
transition, there must be an applied static magnetic field. If the magnetic dipole is
thought of as a bar magnet, then in the absence of an external applied magnetic field, the
energies of each pole will be equal. When the external magnetic field is applied, the bar
magnet tends to align itself parallel to the applied field. The degree of alignment depends
upon both temperature and applied magnetic field strength. The energy of the molecular
magnet dipole depends upon its orientation in the field. An electron has an intrinsic
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property called ‘spin’ because it acts like a particle spinning around an axis. This spin
axis is analogous to the bar magnet axis because both the electron and the bar magnet will
align themselves in an applied magnetic field. For bar magnets, the angle θ can be
anything from 0 to 180°. However, in the case of electrons, which have an associated
wave nature, and behave as quantum particles, if S is the spin quantum number, and for a
single electron S = ½, then in an applied magnetic field, it can have MS = ± ½. For a
single electron, we call these two spin states spin up and spin down. The two possible
energies (the Zeeman energies) are given by E = ±1/ 2 g β H where g = ~ 2 for the free

electron; β = eħ / 2me (the Bohr magneton); and H is the applied magnetic field vector.
The difference in energy between these Zeeman levels, or electron spin states, is
linearly dependent upon the applied magnetic field strength, H. The higher the field, the
greater the energy level separation. Once have the spin states’ energies have been
separated by applying a magnetic field, spectroscopic studies can be conducted. This
method can be applied to only systems having unpaired electrons, because paired
electrons having opposite spins cancel out each others’ angular momentum.
Remembering that the absorption of energy requires the matching of photon
energy, hν, to the energy level separation, ΔE, the electromagnetic frequency needed to
induce a transition between Zeeman levels at a certain magnetic field strength is given
by: ΔE = hν = g β H . When such a transition occurs, the electron has undergone a spin
flip. Since most electrons (at room temperature) by the Boltzmann distribution are in the
lower energy spin state -1/2gβH, at resonance conditions, a net absorption of energy
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takes place, and can be observed. This is the reason that this technique is sometimes
called Electron Spin Resonance (ESR) Spectroscopy.
For a free electron interacting with a magnetic field, only one transition occurs,
and therefore only one line should be observed in the EPR spectrum. However, most
unpaired electrons are found in orbitals around nuclei, and there is an interaction between
the electron and the nucleus that changes the spectrum in certain ways. Every atomic
nucleus has a spin angular momentum (and associated magnetic moment) analogous to
the electron case.

The nuclear spin quantum number, I, has values in half integer

increments (1/2, 1, 3/2, etc.) with the total number of nuclear spin states given by 2I + 1.
Because the electron experiences magnetic fields from both the applied field and the
nucleus, the spectrum will change from the case of the free electron. The effect of the
nucleus causes to Zeeman levels to split additionally (due to the so-called hyperfine
splitting) by the value of the nuclear spin quantum number.
It can be shown that if the nuclear interaction (magnetic moment) is stronger, the
hyperfine splitting will be greater, since the MI values are separated more. Therefore, the
distance between absorption lines in the EPR spectrum gives information about the
electron/nuclear interaction (distance, etc.). The distance (in gauss units) between two
spectral lines arising from the same nucleus is called the hyperfine splitting value, a.
Certain atomic nuclei have certain values of I, so EPR spectra can show both the identity
of the nuclei in the molecule (by the number of hyperfine lines) as well as by the strength
of the interaction (the hyperfine splitting values).
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Background of Electrochemical Techniques
Electrochemistry is a technique that studies chemical reactions at the interface
between an electron conductor and an electrolytic conductor.

In solution

electrochemistry, the electron conductor is usually a metallic or glassy carbon electrode,
while the electrolytic conductor is the electrolyte in solution (typically a non-reactive
salt). If the molecular species to be studied is dissolved in the solution, and the potential
changed between electrodes, at certain applied potentials that follow the molecule’s
ionization energies, current will flow between electrodes due to heterogeneous electron
transfer processes.

If the applied potential is negative, the molecule may receive

electrons and form anionic forms. This is called reduction. If the applied potential is
positive, cationic forms may be obtained--oxidation.
The typical electrode setup for solution electrochemistry involves three
electrodes: the working electrode (typically platinum, gold, or glassy carbon), the
counter, or auxiliary electrode (platinum), and the reference electrode (silver). The
potential is changed at the working electrode, and any current that flows as a result is
balanced by the counter electrode. Accurate measurement and control of the potential at
the working electrode is made with the reference electrode.

Though the reference

electrode is relatively stable to changes in potential, usually an internal reference, such as
a species having a known redox potential within the experimental potential range is used
as an internal potential standard. Usually, ferrocene is dissolved in the solution and all
redox potentials are measured relative to its redox couple.
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Cyclic voltammetry (CV) is an experiment where the working electrode potential
is scanned in one direction initially. At a determined potential, the scan direction is
reversed, and the potential is typically returned to its starting point. The current is
monitored for any changes signaling that a redox process has taken place.

If, for

example, a reduction occurs during the initial scan, the reverse scan can yield information
about the nature of the charged species in solution. If when the potential is swept back
through the potential at which the reduction occurred, the same amount of current flows
during the re-oxidation of the molecule, we can say that the redox process was
chemically reversible. If the two half-waves are separated by approximately 59 mV due
to solution diffusion limitations, we can say that a one-electron electrochemically
reversible redox reaction has taken place.
Another technique, called square wave voltammetry differs in a few respects from
cyclic voltammetry. The potential is not swept linearly, but instead is differentially
stepped like a staircase. The potential does not reverse direction after the step sequence.
A square wave is superimposed on the staircase potential sweep. The current is measured
at the end of each half-wave before the next step occurs. In this way, the inherent
system’s capacitive current can be minimized to yield a measurable current with a good
signal to noise ratio.
From electrochemical measurements we can gain information about a molecule’s
HOMO-LUMO gap (from the electrochemical potential separation between the first
oxidation and first reduction); its electron transfer kinetics (from potential scan rate
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studies using CV); and any other chemical reactions that might occur in the molecule due
to redox processes initiated by the electrochemical experiment.
Figure 2.1, below, is an example of perfectly electrochemical and chemical
reversibility for the CV (top) of C60.131 The three-fold degenerate LUMO accepts six
electrons. The square wave voltammogram has a high signal to noise ratio.
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Figure 2.1 CV and OSWV of C60 in a 1:5 acetonitrile/toluene solution mixture at -10°C.
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CHAPTER THREE
ELECTRONIC STRUCTURE AND REACTIVITY OF Sc3N@C80
Synthesis of Sc3N@C2n
Though most of the studies presented in this chapter were carried out using
Sc3N@C80 samples obtained from Luna Innovations, Inc., we desired to synthesize our
own trimetallic nitride endohedral fullerenes for future work. To that end, a modified
Krätschmer-Huffman (K-H) arc reactor was designed and built, and synthetic conditions
for fullerene production were developed and optimized. In this section the entire process
from arc reactor setup to characterization of the synthetic products is summarized.

Figure 3.1 Automated K-H arc reactor (in operation) for fullerene production installed in Echegoyen lab.
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Since most laboratory-scale syntheses of fullerenes are carried out in K-H arc
reactors, we designed and built our own. Shown in Figure 3.1, the reactor consists of an
air-sealable stainless steel cylinder surrounded by a water jacket for cooling during
operation. The cathode assembly was sealed into the door, and the cathode electrode
material (not consumed) was high purity graphite (1.25” diameter). An anode holder was
fixed into the opposite side of the reactor, and was controlled by a linear actuated motor
to move relative to the fixed cathode. A vacuum pump allowed evacuation of the
chamber and both manual valves and electronic pressure actuators allowed chamber
pressure to be controlled. A control box allowed automation of the arc burning process
by both regulating chamber gas pressure via the pressure actuators and by driving the
anode actuator motor toward the cathode to maintain a regular arc gap. Gases could be
mixed manually by a valve in an external manifold or controlled electronically. A
viewing port on the side of the chamber allowed observation of the arc (with darkened
UV protective lenses) for manual regulation of the arc gap if necessary. Electrical power
was provided by a DC welding power supply (Miller).
For formation of the M3N@C2n fullerenes, besides a carbon source (from graphite
electrodes), also needed were a metal as well as nitrogen. The anodes utilized were 6.35
mm O.D. small-grain high purity graphite that were core-drilled with varying diameter
holes. The graphite powder from the hole drilling was mixed with scandium oxide
(Sc2O3) powder and packed into the hole. The metal:carbon ratio was calculated (for the
entire anode) to be between 2 and 10 percent, depending upon synthesis. After packing,
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the anodes were annealed at 1000 °C for eight hours to both remove the oxygen as well
as to harden and homogenize the metal/carbon powder with the solid graphite.
Two methods for supplying the nitrogen source for the reaction are described in
the literature. The method used by Dorn, et al. involves a small fraction of gaseous
nitrogen in the form of N2 that is added to approximately 200 Torr of helium inside the
reactor. Though trimetallic nitride endohedral fullerenes are formed in relatively high
yields with this method, the main soluble products are C60, C70, C84, and larger emptycage fullerenes. Because we did not want to add unnecessary purification steps to our
synthesis, we decided to use a modified version of the reactive gas fullerene synthesis
developed by Dunsch for the synthesis of M3N@C2n fullerenes.43 Instead of diatomic
nitrogen gas, this method involves the use of a small amount of ammonia added to the
helium chamber atmosphere. The hydrogen from the NH3 seems to inhibit the formation
of empty cage fullerenes with the result that the main soluble products from this synthesis
are trimetallic nitride endohedral fullerenes.
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Figure 3.2 MALDI-TOF MS spectrograph of the scandium-containing crude soluble fullerene mixture
from the arc synthesis.

In our experiments, after evacuation of the arc chamber, to a 6.0 in Hg pressure of
He was added 0.6 in Hg of NH3. An optimized DC arc was struck between the anode and
cathode at ~25 V and 85 A, though the arc current was varied initially from 60-140 A.
When the anode was consumed, the chamber was allowed to cool and then flushed with
He and re-evacuated several times before exposing the interior to air. Soot was removed
from the chamber walls and collected in a cellulose thimble for soxhlet extraction. The
soot was extracted with CS2 for eight hours by soxhlet apparatus and dried. (Cautionary
note: when heating extremely volatile solvents like CS2, care must be taken to avoid fire.)
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An additional ether/acetone wash followed by filtration and collection of the solid
removed any hydrocarbon impurities. The fullerene solid was then re-dissolved in CS2
and purified further via silica column chromatography.

Figure 3.3 HPLC chromatogram of an o-dichlorobenzene solution of the soluble portion of scandiumcontaining soot from the arc synthesis.

Characterization of the crude soluble fullerene mixture after the ether wash was
by matrix laser-assisted desorption/ionization time-of-flight mass spectrometry (MALDITOF MS) and high performance liquid chromatography (HPLC). Figure 3.2 shows the
mass spectrograph of the crude soluble fullerene extract that exhibits only peaks for
Sc3N@C68, Sc3N@C78, Sc3N@C80, and Sc3N@C82 with no evidence of empty-cage
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fullerenes. Interestingly, no report in the literature of Sc3N@C82 has been made to date,
so this report represents the first description.

Although it was visible in the mass

spectrograph, we were not able to isolate this molecule. From the same sample, we
injected the crude fullerene extract dissolved in o-dichlorobenzene into a Buckyprep M
semi-preparative column on a Bruker HPLC instrument. In the chromatogram shown in
Figure 3.3, after the solvent peak at 4.5 min, the fractions represented by the visible peaks
in the chromatogram were collected and analyzed by MALDI-TOF MS. These were
identified as (from left to right on the chromatogram) C60, C70, Sc3N@C68, Sc3N@C78,
Sc3N@C80, and a small peak on the trailing edge that we found to be Sc3N@C82. Though
we were able to isolate very small quantities of Sc3N@C82, it seemed to be unstable and
decomposed over time in air. Interestingly, the retention time of this family of trimetallic
nitride fullerenes corresponded to the mass of each fullerene. After a chromatographic
separation of the Sc3N@C80 peak, though the collected fraction was found by MS to be
only a single mass (1109 m/z), it was composed of an isomeric mixture. With the use of
only a single HPLC column, the Ih and D5h constitutional isomers of Sc3N@C80 could not
be separated.

Electrochemistry of the Ih and D5h Constitutional Isomers of
Sc3N@C80
In 2004, Krause and Dunsch reported the first separation of two isomers of
Sc3N@C80, which they identified as having Ih and D5h symmetry.53 The D5h isomer in
this study was also found to be the minor component (~15-20%), eluting just after the Ih
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isomer as a shoulder on the more prominent HPLC peak. The isomeric separation was
achieved using a linear combination of two analytical HPLC columns, and the isolated
isomers were studied using various spectroscopic methods. The Ih fraction was also
examined by cyclic voltammetry, revealing two quasi-reversible reductions and one
oxidation.

Figure 3.4 HPLC chromatograms of a) as received Sc3N@C2n (n=39,40) from Luna, b) the first major
fraction, c) the isomeric mixture of Sc3N@C80. The insets show the MALDI-TOF mass spectrum of the
two chromatographically pure fractions.
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In this section, a technique for separating the two isomers of Sc3N@C80 by
selective chemical oxidation of the D5h isomer is described.44 From an isomeric mixture,
this method yields pure icosohedral Sc3N@C80 after a single oxidative step, and can be
scaled to any amount. Although both selective electrochemical reduction132 and chemical
oxidation133 have been used to solubilize and separate different endohedral
metallofullerenes, to our knowledge, this is the first reported isomeric fullerene
purification utilizing differences in redox potentials as the basis for the separation. In
addition, we show here a variable scan rate voltammetric study of Ih Sc3N@C80
suggesting that upon reduction, the endohedral Sc3N cluster undergoes a rapid geometric
and/or electronic change resembling a chemically irreversible reaction.
HPLC analysis of Sc3N@C2n (n=39,40) samples obtained from Luna Innovations,
Inc. showed three prominent peaks (Figure 3.4). HPLC chromatographic separation and
subsequent MALDI-TOF MS analysis revealed that the first peak was Sc3N@C78, and the
third, largest peak was Sc3N@C80. In the isomer separation process described by Krause
and Dunsch, two consecutive analytical Buckyprep columns were utilized, and both the Ih
and D5h isomers were observable by HPLC—the D5h as a trailing shoulder on the larger Ih
peak. The HPLC experiments described here were carried out with a Buckyclutcher
semi-preparative column, which did not allow the separation of the two isomers
chromatographically. The largest peak, corresponding to the Sc3N@C80 isomer mixture,
was isolated by HPLC using the Buckyclutcher column (Figure 3.4c), thus eliminating
Sc3N@C78 and the middle peak observed in Figure 3.4a. The identity of this middle peak
remains unknown at the present time.
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Figure 3.5 Cyclic voltammogram of the isomeric mixture of Sc3N@C80 in o-dichlorobenzene, 0.1 M
TBAPF6-, 100 mV/sec scan rate. Arrows indicate oxidation waves of each isomer.

Cyclic voltammetry of the chromatographically pure Sc3N@C80 fraction
(presumably containing both Ih and D5h isomers) was performed in o-dichlorobenzene
(Figure 3.5). At normal scan rates, the reductive waves of the voltammogram were
chemically irreversible, unlike the voltammetry reported by Krause and Dunsch. In
addition, the oxidative side of the Sc3N@C80 voltammogram contained two additional
smaller waves: the first, 270 mV less positive, and the second, 80 mV more positive than
the one previously reported for the Ih endohedral isomer.53 Since MALDI-TOF showed
only a single mass for this chromatographically pure sample, we posited that the smaller
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oxidation waves, having relative intensities of approximately 1:3, were caused by the less
abundant D5h isomer present in the sample, as shown in Figure 3.5.

Figure 3.6 Osteryoung square wave voltammetry of a) the Ih and D5h Sc3N@C80 isomer mixture, b) the
oxidation wave of the neutral amine oxidant precursor, c) pure icosohedral Sc3N@C80.

Fullerene isomers with such drastically different oxidation potentials are
known.134 For example, the C2v and D3 isomers of C78 were found to have first and
second oxidation potentials 250 and 260 mV apart with peak intensities of 5:1, in
agreement with the experimentally determined isomeric ratio.135 The less abundant C78
D3 isomer was easier to oxidize than the major C2v isomer,136 in agreement with
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calculated HOMO-LUMO energies.137 Four different isomers of C84 have also been
shown to exhibit first oxidations at various potentials, although with a much lower spread
(20-50 mV potential difference).138 Additional evidence for the tentative Sc3N@C80 D5h
assignment is provided by a theoretical study by Nakao, et al., who calculated a much
smaller HOMO-LUMO gap for the D5h isomer of C806- than for the Ih hexaanion.139 From
the lowest energetic absorptions of NIR experimental data, Krause and Dunsch also
assigned a lower optical gap energy to the D5h isomer of Sc3N@C80.53

Figure 3.7 Osteryoung square wave voltammetry of the Sc3N@C80 isomeric mixture with isomerically
pure samples.
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Although the Buckyclutcher HPLC column could not resolve the two Sc3N@C80
isomers, their different electrochemical behavior suggested an alternate separation
technique based on their oxidation property differences. Since the first oxidation wave in
the Sc3N@C80 voltammogram was considerably less positive than the potential of the
first icosohedral oxidation (Figure 3.5), a suitable chemical oxidant with an oxidation
potential falling between the first two oxidation waves was selected.

Reacting the

isomeric mixture with this oxidant should preferentially oxidize the D5h isomer and
enable

a

separation

based

on

charge.

The

oxidant

used

was

tris(p-

bromophenyl)amminium hexachloroantimonate (TPBAH). This cation radical salt has an
oxidation potential between the first oxidations of the Ih and D5h isomers, and is soluble
in o-dichlorobenzene. Reacting TPBAH in a 2:1 excess with the Sc3N@C80 isomer
mixture in solution, previously separated from Sc3N@C78 by HPLC, followed by
deposition of the reaction mixture onto the top of a silica column resulted in the
quantitative removal of D5h (Sc3N@C80)·+. The unoxidized Ih isomer was separated from
the tris(p-bromophenyl)amine by elution with CS2, while the cation radical of the D5h
isomer remained adsorbed on the silica. Any excess unreacted oxidation agent was also
adsorbed.

After the separation, MALDI-TOF showed a parent peak indicative of

Sc3N@C80, and Osteryoung square wave voltammetry (OSWV) clearly showed the
absence of the two oxidations previously assigned to the D5h isomer (Figure 3.6). While
we were not able to recover the D5h isomer using our oxidative method, we did obtain an
isomerically pure sample from Prof. Harry Dorn’s research group at Virginia Tech.
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Figure 3.7 shows that our assignment of the first and third oxidation waves to the D5h
cage isomer was correct.

Figure 3.8 Cyclic voltammetry scan rate study of the first reduction wave of pure icosohedral Sc3N@C80 at
scan rates of a) 100 mV/sec, b) 100, 400, 1000, 2000, 4000 mV/sec. The two separate voltammograms are
not shown to scale.

After separation of the Ih isomer from the D5h Sc3N@C80 and from Sc3N@C78, it
was still evident that its reductive electrochemistry remained irreversible. In an effort to
address this distinct irreversibility, attention was focused on the first reduction wave. At
a scan rate of 100 mV/sec, the first reduction is irreversible, with a broad and anodically
shifted re-oxidation. Our platinum disk working electrode was exchanged for both gold
and glassy carbon working electrodes with no resulting change in the appearance of the
first reduction wave, suggesting that the observations are not due to surface
adsorption/desorption. Changing the Sc3N@C80 solution concentration also made no
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difference in the electrochemical reversibility. To probe the kinetics of the first anion
formation, cyclic voltammetry at various scan rates was performed. Scan rates slower
than 100 mV/sec did not significantly change the appearance of the first reduction wave,
but increasing the scan rate incrementally caused it to become more chemically
reversible. Figure 3.8 shows the scan rate dependence on the reversibility of the first
reduction wave.

Figure 3.9 Cyclic voltammetry of the reductions of pure icosohedral Sc3N@C80 at scan rates of a) 100
mV/sec, and b) 6 V/sec (1), 10 V/sec (2), 20 V/sec (3). The different scan rates for each reduction reflect
the speed necessary for achieving full electrochemical reversibility.
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At a faster scan rate of 6 V/sec, the anodically shifted re-oxidation disappears, and the
first reduction wave becomes reversible. In fact, if the potential window accessible on
the reductive side of the electrochemistry is scanned fast enough (20 V/sec), all the small
features disappear, and three reversible waves with spacing suggestive of a nondegenerate LUMO and accessible LUMO+1 constitute the reductive voltammogram
(Figure 3.9). (The two oxidations of the Ih isomer, unlike the reductive waves, were both
quasi-reversible at a normal 100 mV/sec scan rate.) Table 3.1 shows the measured
oxidation and reduction potentials of Sc3N@C80 in ODCB, along with those of Krause
and Dunsch and of C60 for comparison. Increased reversibility of the reductive waves at
comparatively lower scan rates was also achieved by cooling the solution from room
temperature to -10°C.

This scan rate- and temperature-dependent behavior is clear

evidence that the electrochemical reduction is followed by a rapid chemical reaction (EC
mechanism). If the anions formed by electrochemical reduction can be re-oxidized
quickly enough, the following chemical reaction is inhibited, and the electrochemistry
becomes reversible. This ‘freezing’ of the chemical reaction upon reduction can be
achieved by either fast scans or low temperatures.
E2+/1+ E1+/0
Sc3N@C80 (Ih)
Sc3N@C80 (Ih)
C60

53

E0/1-

E1-/2- E2-/3-

1.09 0.58 -1.29 -1.56 -2.32
0.62 -1.24 -1.62
1.33 -1.15 -1.55 -2.01

53

Krause, M.; Dunsch, L.; ChemPhysChem 2004, 5, 1445.

Table 3.1 Electrochemical Redox Potentials, V vs. Fc/Fc+ (ODCB)
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All evidence points to this rapid chemical reaction having an endohedral origin. It
is well known that reductions resulting in electron spin on the outside fullerene surface,
as occur for most empty and endohedral fullerenes, are electrochemically and chemically
reversible at normal scan rates.

Of course, our electrochemical experiments with

Sc3N@C80 have shown drastically different behavior.

Both computational37 and

experimental electron paramagnetic resonance (EPR)52 studies of the Sc3N@C80 anion
indicate that there is significant unpaired electron spin on the endohedral cluster due to its
large electron affinity (Figure 3.10). Though the anion radical in the published EPR study
was generated chemically, we have also generated the anion in our lab via controlled
potential bulk electrolysis and duplicated the published 22-line EPR hyperfine pattern
indicative of unpaired electron spin on three equivalent scandium atoms. Upon reoxidation of the solution, we found the Sc3N@C80 sample unchanged, and we
subsequently re-used it for multiple electrolysis experiments. Therefore, the
electrochemical behavior of at least the first reduction, and possibly the rest of the
accessible reductions, is caused by an as-yet-unidentified change in the geometry,
electronic structure, or bonding of the endohedral cluster, not by an irreversible exohedral
reaction.
Though all evidence delineated here suggests the cathodic electrochemical
behavior is due to endohedral effects, the above electrochemical study was called into
question by a published report which attempted to show increased CV reversibility of
Sc3N@C80 reductions was due to the solvent interactions.12 However, using their mixed
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solvent system of acetonitrile/toluene, researchers in our group reproduced the data
shown here in this study and confirmed its validity even in a different solvent.29

Figure 3.10 Experimental and simulated X-band EPR spectra of monoanions of Sc3N@C80 at room
temperature. (Reproduced from Ref. 52)

The experimental instruments and conditions used in this study are as follows.
HPLC purity analyses and separations were carried out using a Varian Pro Star Model
320 and a semi-preparative 25 cm x 10.0 mm Buckyclutcher column. The eluent was
toluene, and the flow rate, 4 mL/min. MALDI-TOF mass spectra were collected using a
Bruker Omni Flex.

All cyclic voltammetry (CV) and Osteryoung square wave

voltammetry (OSWV) experiments were carried out in a one-compartment cell in a
solution of o-dichlorobenzene containing 0.1 M (t-Bu)4NPF6 using a standard three
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electrode arrangement. A Pt disk (1 mm) was used as the working electrode, a Pt wire as
the auxiliary, and a Ag wire in a 0.01 M AgNO3/0.1 M (t-Bu)4NPF6 CH3CN solution as
the reference electrode.

Ferrocene was added to the solution at the end of each

experiment to act as an internal reference, and all electrochemical potentials were
referenced to its redox couple. For bulk electrolysis, each experiment was carried out in
a two-compartment cell with platinum gauze working and counter electrodes. After
electrolysis, the solution was transferred to a quartz EPR tube, and first derivative X-band
spectra were recorded using a Bruker EMX spectrometer. The Sc3N@C80 solution
concentrations ranged from 4x10-4 M to 8x10-4 M in all cases, and a CHI 660A
potentiostat controlled by a PC was used for all electrochemical measurements.
A typical chemical oxidative isomeric purification was carried out as follows:
Two milligrams of the isomeric mixture of Sc3N@C80 were dissolved in four milliliters
of o-dichlorobenzene. A 2:1 molar excess (to ensure complete oxidation of the D5h
isomer) of tris(p-bromophenyl)amminium hexachloroantimonate (TPBAH) (Acros, 95%)
was added to the fullerene solution and swirled until completely dissolved. This solution
was placed on the top of a silica column and eluted with CS2 to separate the neutral Ih
isomer (brown, on solvent front) from the neutral reacted amine (colorless, just behind
the fullerene band). Any charged species, such as the D5h isomer and the unreacted
amminium salt, remained at the top of the column.

The fractions containing only

Sc3N@C80 were combined and evaporated. Typical yields were 50-60 % by weight, and
did not change with varying starting amounts of the isomeric mixture.
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EPR Spectroscopy of the Cation of the D5h isomer of Sc3N@C80
Utilizing the preferential oxidation scheme described in the previous chapter
section, a mixed-isomer solution of both Ih and D5h isomers of Sc3N@C80 was used to
observe the EPR spectrum of the radical cation of the D5h isomer. Into a small volume of
an o-dichlorobenzene solution of mixed-isomer Sc3N@C80 was titrated TPBAH until a
clear EPR signal was observed. (Addition of further TPBAH gave rise to its own radical
spectrum, obscuring the spectrum of interest.)

Figure 3.11 Solution EPR spectrum of the D5h cation radical of Sc3N@C80 in o-dichlorobenzene.

Since the solution sample contained only the two isomers of Sc3N@C80, the only likely
source of the EPR signal was the D5h cation. Figure 3.11 shows the resulting spectrum, a
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singlet with a peak-to-peak linewidth of 3 gauss and a g-value of 1.99974. No hyperfine
coupling to Sc nuclei was evident, but with the g-value slightly but significantly lower
than the free electron value of 2.0023, a small amount of unpaired spin on the Sc nuclei is
possible but nonobservable within the peak linewidth.

A density functional theory

computational study showing an electron density map of the Ih Sc3N@C80 HOMO
calculates almost all of the electron spin density on the carbon cage.37 Though our
electrochemical study of the two isomers shows significant oxidative differences, it
seems reasonable that for both carbon cages, most of the spin density would reside on the
cage since the cluster each of the endohedral metals already has a formal charge of 3+ and
the cage is negatively charged with the equivalent of six electrons.
Electrochemistry of Functionalized Sc3N@C80
In 2002, Prof. Harry Dorn and co-workers reported the synthesis and crystal
structure of the first organic functional derivative of Sc3N@C80, a single Diels-Alder
cycloaddition which occurred at a 5:6 ring junction on the Ih cage.140,141 In the crystal
structure, the triscandium nitride cluster’s rotation was hindered, with a high degree of
order (0.95 occupancy in the primary position). Two scandium nuclei straddled the site
of exohedral addition in the primary crystalline configuration.
The next functionalized derivative of Ih Sc3N@C80, synthesized in our lab by a
co-worker, was a 1,3-dipolar cycloadduct of N-ethylazomethine ylide, which gave rise to
the N-ethyl pyrrolidinofullerene.40 The addition site was also across a 5:6 ring junction,
similar to the derivative synthesized by Dorn and co-workers. Figure 3.12 shows a
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comparison of the structures of pristine Ih Sc3N@C80, the [5,6] Diels-Alder derivative,
and the [5,6] pyrrolidino adduct.

Figure 3.12 Structure comparison of (a) pristine Ih Sc3N@C80; (b), the [5,6] pyrrolidino derivative (energyminimized structure calculated with Spartan); and (c), the [5,6] Diels-Alder derivative (crystal structure
from Ref.141). Ball and stick representations are shown inside black rectangles.

With the goal of elucidating and comparing the electronic properties of the
adducts of Sc3N@C80 with the unfunctionalized molecule, both the above derivatives
were synthesized and collected. Electrochemistry was carried out in argon-purged odichlorobenzene in a single-compartment 3-electrode cell. Figure 3.13 shows a cyclic
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voltammetric comparison of the Diels-Alder and pyrrolidino derivatives with pristine
Sc3N@C80.

Figure 3.13 Comparison of the electrochemical behavior, at 100 mV/s, of Ih Sc3N@C80 before (a) and after
exohedral functionalization at the [5,6] double bond (b), the [5,6] Diels-Alder derivative, and (c), the [5,6]
pyrrolidino derivative.

The cathodic electrochemical behavior of the [5,6] Diels-Alder monoadduct of
Sc3N@C80 proved to be surprisingly different from that of the unfunctionalized
Sc3N@C80, even at 100 mV/s. Three one-electron reversible reductions at -1.16, -1.54,
and -2.26 V vs. Fc/Fc+, with spacing indicative of a nondegenerate LUMO and accessible
LUMO+1, were observed (Figure 3.13b). This electrochemical behavior is reminiscent of
that of the unfunctionalized Ih Sc3N@C80 (-1.29, -1.56, and -2.32 V vs. Fc/Fc+) at a scan
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rate of 20 V/s.44 There are also two minor reduction waves denoted by asterisks which
may be due to traces of an unidentified isomeric product which co-elutes with the main
product under HPLC conditions (Buckyclutcher, toluene). The reductions of the [5,6]
pyrrolidino monoadduct (Figure 3.13c) were even more clear and fully chemically and
electrochemically reversible with potentials almost identical to those of the Diels-Alder
derivative. Scanning the potential faster did not change the reversibility of the cathodic
waves.
The similarity of the reversibility of the electrochemistry of functionalized
Sc3N@C80 at slow scan rates to that of the pristine molecule at fast scan rates is striking.
Apparently, the addition of a single addend onto the C80 cage inhibits the endohedral E-C
reaction that was observed for the unfunctionalized molecule. Thus, we can posit that a
change in either the carbon cage geometry or double bond symmetry has a large effect on
the internal cluster bond order, geometry, and rotation.
A comparison of the oxidations of these two functionalized fullerene products
shows waves over 300 mV more negative than the parent Sc3N@C80. In the case of the
Diels-Alder derivative, the first oxidation is chemically and electrochemically reversible,
while that of the pyrrolidino adduct is not reversible in either sense. As the C80 cage has
a formal charge of 6-, any oxidative behavior should occur primarily on the outside of the
fullerene. Thus, the new waves are representative of the electronic character of each of
the adducts. Indeed, a repeated rapid cycling of the potential past the first oxidations of
the Diels-Alder derivative followed by cathodic scans showed no change in the
voltammogram, while the same experiment on the pyrrolidino derivative (Figure 3.13,
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red trace) yielded ‘impurity’ waves among the reductions (shown in the OSWV blue
trace in Figure 3.14). Continued oxidative cycling on the pyrrolidino system caused an
increase of the current of these new reductive waves, at -1.18 and -1.80 V vs. Ag/Ag+,
which were identified by their cathodic potential and later by a TLC analysis to originate
from pristine Sc3N@C80. Thus, a ‘retro-pyrrolidino’ reaction, stripping the addend from
the carbon cage, could be electrochemically carried out via oxidation of the molecule past
the first positive voltammetric wave.

This represented the first observation of an

electrochemical retro-pyrrolidino reaction.

Since then, this electrochemical retro-

pyrrolidino fullerene reaction has been confirmed to occur on C60 as well,142 and a
chemically-induced retro-pyrrolidino reaction has also been reported.60

Figure 3.14 OSWV voltammograms (V vs. Ag/Ag+) of [5,6] n-ethyl pyrrolidino Sc3N@C80 before (red)
and after (blue) repeated electrochemical cycling past the first oxidation.
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EPR Spectroscopy of the Anions of Pristine and Functionalized Sc3N@C80
Since electrochemical experiments can identify the potentials for both reductions
and oxidations of molecules in solution, they are invaluable for spectroelectrochemical
experiments. By first finding, for example, the electrochemical potential of the first
reduction of a molecule, the entire solution can be charged past that potential via
controlled potential electrolysis to form the molecular anion. If this solution consisting of
primarily the molecular anion radical is then tipped into an EPR tube and inserted into a
microwave cavity, it is possible to record a spectrum which can identify the unpaired spin
location on the anion.
The first EPR study of the mono-anion of Sc3N@C80, previously mentioned in
this chapter, showed a 22-line hyperfine pattern indicative of unpaired electron spin on
three equivalent scandium nuclei.52 The large scandium hyperfine coupling constant
(55.6 G) and the absence of other features in the spectrum suggested that a significant
amount of spin was transferred to a symmetric orbital residing on the three internal
scandium nuclei. No nitrogen hyperfine structure was observed. A computational study
of the Ih isomer of Sc3N@C80 also showed a LUMO with spin density on the three
scandium nuclei and a freely rotating endohedral cluster.37 A computational study143 and
13

C NMR data in the original report of the existence of the first trimetallic nitride

endohedral fullerenes144 also suggest a cluster which is rotating on the NMR time scale.
It is not known, however, whether addition of electron density to the endohedral LUMO
can modulate the cluster-cage interaction enough to hinder or stop the Sc3N unit’s
rotation.
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Upon chemical functionalization, however, the endohedral cluster’s free rotation
inside the neutral Sc3N@C80 derivative is to a large degree checked, as evidenced by the
highly ordered crystal structure of the first organically functionalized product, a DielsAlder cycloadduct.141 Because of the perturbation of the carbon cage geometry, the
endohedral cluster was off-center, and though the Sc3N unit remained planar, the Sc-N
bonds proved to be slightly longer than those in the parent Sc3N@C80 molecule.
With the goal of observing the EPR spectra of the radical anions of Sc3N@C80 in order to
locate the unpaired spin density, we began with the pristine molecule to attempt to
reproduce electrochemically the published EPR spectrum of the mono-anion radical.
Since our Sc3N@C80 samples from Luna Innovations, Inc. contained impurities, we first
isolated the fullerene of interest via HPLC purification. HPLC purity separations were
carried out using a Varian Pro Star Model 320 and a semi-preparative 25 cm x 10.0 mm
Buckyclutcher column. The eluent was toluene, and the flow rate, 4 mL/min. Following
the separation, Sc3N@C80 was placed in a two-compartment H-cell separated by a frit and
solvent added. For bulk electrolysis, each experiment was carried out under vacuum with
platinum gauze working and counter electrodes in a solution of o-dichlorobenzene
containing 0.1 M (t-Bu)4NPF6. After the charge of one electron was transferred to the
solution, the solution was tipped into a quartz tube, and examined by EPR. The
Sc3N@C80 solution concentration ranged from 4x10-4 M to 8x10-4 M in all cases, and a
CHI 660A potentiostat controlled by a PC was used for all electrochemical
measurements.
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A more direct reproduction of the previously published Sc3N@C80 radical anion
EPR spectrum was then attempted by chemical reduction. Chemical reductions were
performed in a glassblown two-compartment cell (shown in Figure 3.15) with a
connected EPR tube in a potassium metal-containing THF solution.

Figure 3.15 Two-compartment vacuum cell for high vacuum chemical reductions and EPR measurements.

Pure Sc3N@C80 was placed in one compartment of the cell, potassium metal in the other,
and the cell pumped under high vacuum. Dry THF was then vapor-transferred into the
cell, and the connection to the vacuum line flame-sealed. The Sc3N@C80 solution was
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reduced by repeated contact with the potassium metal, after which the solution was
transferred into the EPR tube where first derivative X-band spectra were recorded.
Figure 3.15 shows a representative experimental X-band EPR spectrum of the monoanion of Sc3N@C80 (top) along with the simulated spectrum on the bottom.

Figure 3.16 Experimental (black, top) and simulated (blue, bottom) X-band EPR spectra of the
chemically reduced mono-anion of Sc3N@C80. The asterisks denote impurities. The simulation is to 3rd
order.

The experimental spectrum shows a 22-line hyperfine pattern indicative of
unpaired spin on three equivalent scandium nuclei. A 3rd order simulation (Bruker
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SimFonia) with an isotropic hyperfine coupling constant of 56.0 G, linewidth of 5.5 G,
and a g-factor at 1.9923, fit the spectrum within experimental uncertainty. The total
hyperfine pattern extends some 1176 G, indicating quite a large amount of spin on the
internal cluster. No nitrogen hyperfine structure was detected in this spectrum. This
spectrum is qualitatively identical to both that previously published and to our
electrochemically-generated spectrum.

Both the experimental and simulated spectra

show 2nd order lines between the 22-line spectrum, as did the EPR spectrum generated by
bulk electrolysis, due to the large scandium hyperfine coupling constant. The g-value,
significantly lower than the free electron value of 2.0023, corroborates our finding that
the LUMO of Sc3N@C80 is primarily located on the metal nuclei, as it would be closer to
the free electron value if it resided largely on the carbon cage. While room-temperature
EPR measurements cannot conclusively show if the endohedral Sc3N cluster is rotating
within the carbon cage, they do prove that at least the three scandium nuclei have
identical chemical environments in fixed positions with respect to the carbon cage or by
motional averaging while rotating. Further reduction, both by electrochemically adding a
second electron and chemically, caused the 22-line spectrum to disappear, suggesting that
the second electron was deposited into the same orbital, yielding a di-anion with a nondegenerate LUMO which was diamagnetic. This result matches our cyclic voltammetry
experiments.
To determine whether the elusive 8-line hyperfine pattern could be duplicated,
and knowing that external cage functionalization affected the symmetry of the endohedral
cluster, the mono-anion of the [5,6]-n-ethyl-pyrrolidino-Sc3N@C80 derivative was
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generated by both electrochemical bulk electrolysis in o-dichlorobenzene and by
chemical reduction with potassium metal in THF. The EPR spectrum resulting from
electrochemical reduction is shown below in Figure 3.16. Immediately apparent is the
change in the spectrum as compared to that of the radical anion of pristine Sc3N@C80.
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Figure 3.17 X-band EPR spectrum of the electrochemically generated radical mono-anion of Sc3N@C80.

Many more lines are visible, and the total hyperfine pattern is narrower. In contrast to the
pristine molecule’s spectrum, the number of visible transitions indicates either a
reduction in the internal symmetry of the cluster, or a spin transfer to the functionalized
cage.

The EPR spectrum resulting from the chemical reduction of the pyrrolidino
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derivative is shown in Figure 3.17.

It is quantitatively identical to that produced

electrochemically, but the spectral lineshapes are more anisotropic, possibly due to
solvent effects from the polarity of THF and the different size of the counteraction. A
simulation accounting for all spectral lines proved that the symmetry of the cluster with
respect to its cage environment had been reduced, resulting in one scandium that was
non-equivalent to the other two. The hyperfine coupling constant of the single scandium
was 9.6 G, while the two equivalent Sc had a hfcc of 33.4 G.

The g-factor was

significantly shifted to 1.9972, and the linewidth, 2.8 G, was almost half that of the
pristine molecular anion. Very significant was the large decrease in the total hyperfine
line pattern width. This total width was 535 G, only 45.5% of the total linewidth of the
unfunctionalized Sc3N@C80 anion EPR spectrum.
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Figure 3.18 Experimental (black, top) and simulated (blue, bottom) X-band EPR spectra of the chemically
reduced mono-anion of the pyrrolidino-Sc3N@C80. The asterisk denotes an impurity.

One explanation of the reduction in internal symmetry and the ‘missing’ spin is
that some of the spin is transferred to the addend on the carbon cage. The smaller hfcc on
the inequivalent scandium and the increase in the g-value toward the free electron value
support this conclusion.

However, no hyperfine coupling to nuclei such as the

pyrrolidino hydrogens is visible in the experimental spectrum.
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Reconciliation of Electrochemical and Spectroscopic Results
It is difficult to reconcile our electrochemical with our EPR spectroscopic results.
Though the change from irreversible to reversible cyclic voltammetry suggests that some
sort of internal reaction such as cluster rotation modulation occurs upon reduction of the
pristine Sc3N@C80, we cannot determine if the rotation of the cluster is checked. If
rotation is not checked, then the only other possibility that fits the data might be the
transformation

of

the

cluster

geometry

from

planar

to

slightly

pyramidal.

Characterization of a crystal of an anion salt of Sc3N@C80 would be difficult, but would
confirm any change in endohedral cluster geometry. The reversible electrochemistry of
functionalized Sc3N@C80 appears to suggest that inhibition of cluster rotation and its
anisotropic environment results in reversible electrochemistry. Yet, the EPR spectra of
the anion of pristine Sc3N@C80 suggest that cluster is in a symmetric environment, and
thus may still be rotating on the EPR experimental time scale.

Though the solid

crystalline neutral forms of both pristine and functionalized Sc3N@C80 showed an
endohedral cluster with inhibited rotation (to varying degrees), it is probable that the
molecular interactions in the solid state are quite different from those in solution. Thus,
in solution, the anion of Sc3N@C80 could possibly still have a freely rotating endohedral
cluster.
To probe the cluster rotation of the neutral functionalized Sc3N@C80, variable
temperature NMR experiments should be carried out. Temperature-dependent
45

13

C and

Sc NMR studies of pristine Sc3N@C80 suggest that the endohedral cluster is spinning

freely at room temperature with a correlation time of 62 ps, while this time increased to
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1.7 ns at a lower temperature of 135 K as shown by line broadening of both nuclear
spectra.47 A magic angle spinning (MAS)

13

C NMR experiment on the same sample

proved that the C80 cage retained its spherical symmetry over the entire temperature range
even while line broadening indicated a gradual loss of overall spherical symmetry. Since
the time constant of the NMR experiment is on the order of ns, it cannot experimentally
‘stop’ the cluster motion. However, Raman/IR data show a bonding interaction between
the Sc and the carbon cage because the experimental time constant is approximately 0.1
ps, well below the cluster rotation correlation time.54
To help answer the question of the endohedral cluster dynamics upon reduction,
future EPR experiments should include variable temperature studies of the fullerene
anion. By lowering the temperature, if the endohedral cluster is still rotating, lowering
the temperature should gradually slow and possibly fully stop the rotation, resulting in a
changed EPR spectrum. Spectral changes could include smaller Sc hyperfine coupling
due to Sc-C interactions or peak width changes due to different spin relaxation pathways.
Our room-temperature experiments cannot probe the short rotation correlation times, and
NMR cannot be used to study a paramagnetic system, so intermediate time scale of EPR
(100 ps), falling between those of NMR and Raman/IR, should allow us some measure of
control over observation of the endohedral cluster rotation dynamics of the anion.
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CHAPTER FOUR
ELECTRONIC STRUCTURE AND REACTIVITY OF OTHER M3N@C80
ENDOHEDRAL FULLERENES
Synthesis of Y3N@C2n
Following the experimental synthetic procedure described in Chapter 3, we
attempted the arc synthesis of a family of trimetallic nitride endohedral fullerenes
containing larger metals. Since yttrium should be chemically most similar to scandium
due to its 1-d valence electronic configuration, we used Y2O3 as the metal source in our
experiments. To maintain the same range of metal-to-carbon percentages, a larger coredrilled anode hole was required. All other experimental conditions were the same as
those used in the synthesis of Sc3N@C2n.
Following soxhlet extraction, ether washing, and silica column purification, the
crude soluble portion of the soot was characterized by both MALDI-TOF MS and HPLC.
The total synthetic soluble yield from soot in the case of yttrium was much lower than
that of scandium.

The mass spectrograph, shown in Figure 4.1, shows peaks that

correspond to Y3N@C80, Y3N@C82, Y3N@C84, Y3N@C86, Y3N@C88, Y3N@C90, and
Y3N@C92. Interestingly, no peaks corresponding to carbon-78 or smaller cages are
visible. This data matches well with the assumption that, because of the larger ionic
radius of yttrium, there is less room inside the carbon cage. Consequently, only larger
cages form around the Y3N cluster.
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Figure 4.1 MALDI-TOF MS of crude soluble soot extract from yttrium-containing arc synthesis.

The HPLC chromatogram of a solution of crude extract in o-dichlorobenzene
(Figure 4.2) showed a prominent peak followed by at least four smaller peaks.
Separation by fraction collection resulted in an unambiguous identification by mass
spectrometry of the largest peak as Y3N@C80. The following peaks represented Y3N
inside carbon-82, 84, 86, and 88 in the same order and with roughly the same intensity as
the mass spectrograph of the crude extract. Though peak intensity in neither the mass
spectrograph nor the HPLC chromatogram separately can indicate comparative relative
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abundance for different reasons, together they suggest that certain carbon cages are
produced in higher abundance than others depending upon the identity and nature of the
endohedral metal. Because this synthesis was carried out to obtain pure Y3N@C80 for
functionalization, additional characterization to identify cage symmetry and electronic
characteristics of the larger fullerenes was not attempted.

Y3N@C2n

Figure 4.2 HPLC chromatogram (Buckyprep M) of an o-dichlorobenzene solution of crude soot extract
from yttrium synthesis.

Electrochemistry of Various M3N@C80
HPLC grade samples of Sc3N@C80, Tb3N@C80, and Lu3N@C80 were provided by
Luna Innovations, Inc., and used without further purification. Samples of Y3N@C80,
Er3N@C80, Gd3N@C80, also from Luna, were purified by HPLC using a Buckyclutcher
semipreparative column. Analytical reagent-grade (t-Bu)4NPF6 was obtained from Acros
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(98%) and was recrystalized twice in anhydrous ethanol before use. Dichlorobenzene was
dried over CaH2 at 120oC for two days and then distilled under N2 atmosphere. An
oxygen and water-free 0.1 M (t-Bu)4NPF6 solution in dichlorobenzene was carefully
prepared and stored under vacuum. Cyclic voltammetry (CV) and Osteryoung square
wave voltammetry (OSWV) experiments were conducted in a one-compartment
electrochemical cell. A platinum disk and platinum gauze were used as the working
electrode and the counter electrode, respectively. In all the experiments, a silver wire
immersed in a CH3CN solution containing 0.01 M Ag/AgNO3 and 0.1 M (t-Bu)4NPF6
was used as the reference electrode. Ferrocene was added to the solution at the end of
each experiment to act as an internal reference, and all electrochemical potentials
(measured from OSWV) were referenced to its redox couple. The concentrations of the
M3N@C80 solutions in dichlorobenzene were all 10-4 M. A BAS-100B potentiostat
controlled by a PC was used for all electrochemical experiments.
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Figure 4.3 Cyclic voltammograms of M3N@C80 in o-dichlorobenzene.

The cyclic voltammetry of each of the M3N@C80 species (Figure 4.3) shows
similar electrochemically irreversible behavior for all reductions (electrochemical
potentials are shown in Table 4.1). In addition, all fullerenes except Sc3N@C80 exhibit
drastically chemically irreversible reductive electrochemistry with each re-oxidation
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lagging over 500 mV more positive than its corresponding reduction. This behavior
indicates a probable EC mechanism (reorganization of the endohedral cluster) after the
first reduction, with a large energy required upon re-oxidation to restore the original
neutral symmetry.

Figure 4.4 Osteryoung square wave voltammograms of M3N@C80.
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The reductions of Sc3N@C80 are more chemically reversible than the other
fullerene species in this study. Indeed, it has already been shown that upon faster scan
rates, the reductions can be made chemically and electrochemically reversible—a clear
indication of the hindering of the EC reaction upon reduction. Figure 4.4, an Osteryoung
square wave voltammetric study, shows that all the M3N@C80 species have reduction
potentials similar to one another, but more negative than those of Sc3N@C80 by at least
150 mV.
Compound

Peak

Eox, 4

Eox, 3

Eox,2

C60

Sc3N@C80

Y3N@C80

Er3N@C80

Tb3N@C80

Lu3N@C80

Eox,1

Ered, 1

Ered, 2

Ered, 3

1.33

-1.15

-1.55

-2.01
-1.90

Ered, 4

Epc

0.94

0.63

0.51

0.29

-1.33

-1.69

Epa
E1/2

0.69
0.66
0.67

0.62
0.57
0.59

0.37
0.33
0.32

-1.27/-0.85

-1.61

Ep, OSVW

1.12
0.98
1.09

-1.31

-1.69

-1.81

-2.42

Epc

0.91

0.77

0.56

0.36

-1.44

-1.83

-1.97

-2.38

Epa
E1/2

1.15
1.13

0.66
0.61
0.64

0.42
0.39
0.39

-1.15/-0.77

Ep, OSVW

0.84
0.81
0.81

Epc

0.89

0.53

Epa
E1/2

1.14

Ep, OSVW

1.11

0.65
0.59
0.63

-1.39

-1.81

-2.16

Epc

0.91

0.52

-1.41

-1.86

-2.15

Epa
E1/2

1.11

-1.33/-0.82

Ep, OSVW

1.09

0.62
0.57
0.61

-1.38

-1.84

Epc

0.89

0.56

-1.44

-1.87

Epa
E1/2

1.12

-1.26/-0.81

Ep, OSVW

1.09

0.66
0.59
0.64

0.82

0.77

-1.82

0.35

-1.42

-1.84

0.42
0.39
0.38

-1.23/-0.79

-1.41

-2.33

-1.15/-0.77

-1.40

0.35

-2.45

-1.92

-2.27

-2.15
-1.23/-0.79

-1.33/-0.82
-2.15
-2.17
-1.26/-0.81
-1.56

-1.84

-2.14

Table 4.1 Electrochemical potentials of M3N@C80 vs. Fc/Fc+ . All potentials represent peak potentials of
irreversible waves unless a half-wave potential is given.
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Figure 4.5 (a) CV of the Ih and the D5h isomers of Tm3N@C80; (b) OSWV of the oxidations of the Ih and
the D5h isomers of Tm3N@C80.
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Also quite noticeable in the square wave voltammogram of Sc3N@C80 in Figure
4.4 are extra small oxidations both before (at about 0.3 V) and after (at about 0.7 V) the
first large oxidation of the Ih cage isomer of C80. These oxidations, previously assigned
to the D5h cage isomer in the case of Sc3N@C80, are also visible in decreasing amounts in
the cases of Y3N@C80, Tb3N@C80, and Er3N@C80, respectively. Interestingly, the ionic
radii of these metals increase as the intensity of the D5h oxidations decrease. Perhaps
with less space inside the D5h cage isomer, as the metal cations become larger, the D5h
symmetry M3N@C80 molecules are formed in lower yields during the synthesis.
Representing another proof that the pair of small oxidations straddling the first
oxidation of the Ih C80 isomer originates from the D5h cage is Figure 4.5a and b, showing
the cyclic voltammetry and OSWV of pure samples of the separated Ih and D5h
constitutional isomers of Tm3N@C80 obtained from Dorn at Virginia Tech.145 Cyclic
voltammograms at a scan rate of 100 mV/s for both isomers (Figure 4.5a) show
electrochemically irreversible reductions and quasireversible oxidations. Increasing the
scan rate up to 30 V/s did not improve the reversibility of the reduction waves.

Table 4.2 Redox potential (V vs. Fc/Fc+) and electrochemical HOMO-LUMO gap (V).

An examination of the first reductions of both isomers shows them to occur at
almost identical potentials (-1.43 V for the Ih isomer and -1.45 V for the D5h isomer),
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while their first oxidation potentials are +0.65 V for the Ih isomer and +0.39 V for the D5h
isomer. The electrochemical (HOMO-LUMO) gap of the Ih and the D5h isomers of
Tm3N@C80 are 2.08 and 1.84 V, respectively. These gaps are very similar to those of
Lu3N@C80 isomers (2.04 V for the Ih isomer and 1.86 V for the D5h isomer),35 while they
are significantly larger than those of the Sc3N@C80 isomers (1.84 V for the Ih isomer and
1.67 V for the D5h isomer). OSWV of the separated isomers (Figure 4.5b) show both have
a high degree of purity, since no appreciable current is detected for the missing isomer,
although a trace of the D5h isomer can be seen in the voltammogram of the Ih sample in
Figure 4.5b. As in the case of Sc3N@C80, the first two oxidations of the D5h isomer of
Tm3N@C80, at 0.39 and 0.78 V, are separated by a smaller potential difference (0.39 V)
than those of the corresponding Ih isomer (0.53 V). Table 4.2 shows the redox potentials
and HOMO-LUMO gaps for the isomerically pure Ih and D5h Tm3N@C80 samples.
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Figure 4.6 Cyclic voltammograms of the first reduction wave of Tb3N@C80 at a) 100 mV/sec and b) 28
V/sec scan rates.

Attempts to ‘freeze’ the fast internal EC reaction causing the reductive
irreversibility of the CVs in all the different M3N@C80 by fast scan rates were successful
only fully in the case of Sc3N@C80,44 and partially for Tb3N@C80 (Figure 4.6). For this
molecule, only the first reduction could be made electrochemically and chemically
reversible by scanning at 30 V/sec. It is possible that for the other fullerenes, the kinetics
of the internal reaction upon reduction is simply too fast to be probed by cyclic
voltammetry without using an ultramicroelectrode and much faster scan rates.
Alternatively, the size of the larger metals and the length of the metal-nitrogen bonds in
the endohedral cluster, already shown to affect synthetic yield, might also inhibit free
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cluster rotation with respect to the cage as in the case of Sc3N@C80. Since the cluster is
already ‘pinned’ in place, the addition of an electron cannot stop rotation; however, the
charge transfer between cluster and cage might be modulated, resulting in a change in the
cluster geometry witnessed by non-electrochemically reversible cyclic voltammetric
waves.

Figure 4.7 Cyclic voltammograms of the first oxidation wave of Tb3N@C80 at a) 100 mV/sec at 25° C; b)
100 mV/sec at 0° C; and c) 3 V/sec scan rates.

In contrast to the reductive electrochemical behavior of these metallofullerenes,
the first oxidation of the Ih isomer of each M3N@C80 becomes less reversible at faster
scan rates or lower temperatures. Tb3N@C80 exhibits the largest effect of this type, and
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its first oxidation is shown under different conditions in Figure 4.7. The cause of this
phenomenon is not understood at this time, since for the cation, almost all of the unpaired
electron spin is probably localized on the outside of the carbon cage. Perhaps upon
oxidation, the orientation or interaction of the internal cluster with the cage changes over
time, forming two internally-different geometric isomers that have different
electrochemical behaviors.

In any case, this oxidative scan rate- and temperature-

dependent behavior almost exactly mirrors that of the reductive behavior, only
oppositely.

Noteworthy is the fact that in both its reductive and oxidative

electrochemical kinetic behavior, Tb3N@C80 behaves most similarly to Sc3N@C80,
though chemically the two molecules would appear to be very different.
Electrochemistry of Functionalized M3N@C80
Following our discovery that the functionalization of Sc3N@C80 at a 5:6 double
bond drastically changed its electrochemical properties from electrochemically and
chemically irreversible to electrochemically and chemically reversible at all scan rates,
both Y3N@C80 and Er3N@C80 were obtained for chemical functionalization. Both were
chosen for specific reasons: Y3N@C80 because with a 1-d valence electron configuration,
it should behave somewhat like Sc3N@C80 as well as provide an analogous platform for
EPR studies on its anion. We chose Er3N@C80 because it represented an f-block metal
system and because it was similar to and relatively abundant as compared to Gd3N@C80-of interest for its potential use as a MRI contrast agent.

58

Figure 4.8 Cyclic voltammograms at 100 mV/sec of HPLC-pure (Buckyclutcher, toluene) a) Sc3N@C80; b)
Y3N@C80; and c) Er3N@C80.

A coworker synthesized the functionalized versions of the M3N@C80 molecules
described below. First, a similar reaction was carried out on Y3N@C80 to form the
analogous N-ethyl pyrrolidino-functionality as resulted in the 5:6 N-ethyl pyrrolidinoSc3N@C80 adduct described and characterized in Chapter 3.

Upon formation, 2D

multinuclear NMR studies revealed that for Y3N@C80, the functional group was attached
across a 6:6 double bond.79

Crystallization attempts failed because of an intrinsic

instability of this molecule in solution, and further NMR studies revealed that over time,
the 6:6-functionality isomerizes to a 5:6 double bond.78

59

Separation of the two

compounds was possible, and both were collected for electrochemical studies. This
reaction was also attempted on Er3N@C80, with similar results.

Because of the

paramagnetism of the Er-containing fullerene, addend location characterization consisted
of TLC and HPLC retention time comparison with the analogous functionalized yttrium
fullerene. It was concluded that for the pyrrolidino functionality on a trimetallic nitride
molecule, the [6,6] regioisomer was the kinetically favored product, while the [5,6]
regioisomer represented the thermodynamically favored product.

Additionally, a

[di(ethoxycarbonyl)methano] monoadduct was attached to both the yttrium- and erbiumbased fullerenes. (The methano-derivative structure is shown in Figure 4.12.) For these
methanofullerenes, the [6,6] regioisomer was formed exclusively, and did not isomerize
to the [5,6] regioisomer as did the pyrrolidinofullerenes. A complete cyclic voltammetric
study on these molecules was undertaken after structural characterization was complete.
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Figure 4.9 Cyclic voltammograms at 100 mV/sec scan rates of a) isomerically pure Ih Sc3N@C80 and b) the
[5,6]-Diels-Alder derivative of Sc3N@C80. Asterisks denote two minor reduction waves of unknown
origin.

Electrochemical studies of all of these endohedral metallofullerene derivatives
provided further insight into the characterization of the [5,6] and [6,6] regioisomers.
Cyclic voltammetry as well as OSWV of all M3N@C80 (M = Sc, Y, Er) fullerenes and
their derivatives were performed in o-dichlorobenzene.
CV of Sc3N@C80, Y3N@C80, and Er3N@C80 was conducted on samples purified
by HPLC (Buckyclutcher, toluene). At a scan rate of 100 mV/s (Figure 4.8), all three
voltammograms show irreversible reductions. While the reductive electrochemistry of
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Sc3N@C80 becomes reversible at higher scan rates,44 neither Y3N@C80 nor Er3N@C80
exhibit improved reversibility upon scanning the potential faster, up to 30 V/s.

Figure 4.10 Cyclic voltammograms of b) [6,6]-pyrrolidino-Y3N@C80 and c) [6,6]-pyrrolidino-Er3N@C80 in
o-dichlorobenzene, 0.05 M TBAPF6-, 100 mV/sec scan rate.

The electrochemical behavior of the Diels-Alder mono-adduct of Sc3N@C80,
shown before in Chapter 3, proved to be drastically different from that of the
unfunctionalized Sc3N@C80, even at 100 mV/s. Three one-electron reversible reductions
at -1.16, -1.54, and -2.26 V vs. Fc/Fc+ with spacing indicative of a non-degenerate
LUMO and accessible LUMO+1 were observed (Figure 4.9). This electrochemical
behavior is reminiscent of that of the unfunctionalized Ih Sc3N@C80 (-1.29, -1.56, -2.32 V
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vs. Fc/Fc+) at a scan rate of 20 V/s. There are also two minor reduction waves denoted by
asterisks, which may be due to traces of an unidentified isomeric product which co-elutes
with the main product by HPLC analysis (Buckyclutcher, toluene). In addition, a quasireversible oxidation wave appeared about 320 mV more cathodic than the first oxidation
wave assigned to Ih Sc3N@C80, and consequently, it was attributed to a Diels-Alder
addend-based process.

Figure 4.11 Cyclic voltammograms of a) [5,6]-pyrrolidino-Sc3N@C80 at 100 mV/sec scan rate; b) [5,6]pyrrolidino-Y3N@C80 at 20 V/sec scan rate; c) [5,6]-pyrrolidino-Er3N@C80 at 100 mV/sec scan rate.
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The electrochemical reductions of the [6,6]- pyrrolidinofullerene mono-adducts of
Y3N@C80 and Er3N@C80 were irreversible at a 100 mV/s scan rate (Figure 4.10), similar
to the behavior of their respective unfunctionalized parent endohedral metallofullerenes.
Increasing the scan rate from 100 mV/s up to 30 V/s did not appreciably alter the
appearance of the reductions of the derivatized compounds.
Interestingly, the electrochemical behavior of the [5,6]-pyrrolidinofullerene
derivatives proved to be startlingly different. At 100 mV/s, the reductions of the [5,6]pyrrolidinofullerene of Sc3N@C80 and the [5,6]-mono-adduct of Er3N@C80 were
reversible. The [5,6]-Y3N@C80-pyrrolidinofullerene also exhibited reversible reductive
electrochemical behavior, but only at faster scan rates (20 V/s) (Figure 4.11). Three
reductions for each [5,6]- pyrrolidinofullerene derivative were visible, each set of waves
with a potential spacing indicative of a non-degenerate LUMO and an accessible
LUMO+1. Table 4.3 compares the measured reduction potentials of the [5,6]pyrrolidinofullerene derivatives of Sc3N@C80, Y3N@C80, and Er3N@C80.

Table 4.3 Electrochemical reduction potentials vs. Fc/Fc+ (o-dichlorobenzene, 0.05 M TBAPF6-) of [5,6]
adducts of M3N@C80 metallofullerenes and those of C60 and pristine Sc3N@C80 for comparison.
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All of the pyrrolidinofullerenes exhibited a similar irreversible oxidation wave.
These have been attributed to the pyrrolidino-adduct since it differs greatly from the first
oxidation waves of the respective parent metallofullerene, which were reversible or
quasi-reversible in character. Table 4.4 compares the measured electrochemical potentials
for the first oxidation assigned to the Ih cage isomer of pristine and functionalized
M3N@C80.

Table 4.4 Electrochemical potentials vs. Fc/Fc+ for the first oxidation assigned to the Ih cage isomer of
pristine and functionalized M3N@C80.

The CVs of the [6,6]-methanofullerene derivatives of Y3N@C80 and Er3N@C80
displayed electrochemically irreversible reduction behavior analogous to those of the
[6,6]-pyrrolidinofullerene regioisomers of Y3N@C80 and Er3N@C80 (Figure 4.12).
However, the first reduction of the erbium methanofullerene derivative became reversible
upon scanning the potential at 20 V/s, similar to the cases of the [5,6]-pyrrolidine
derivative of Y3N@C80 and pristine Sc3N@C80 and Tb3N@C80, though all other [6,6]functionalized derivatives did not display this capability for electrochemical reversibility
(Figure 4.13).
Such a drastic difference in the electronic character between the two regioisomers
was surprising since the only difference between them is the ring junction at which the
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addend is located: a pyrene-type site (a [6:6] ring junction abutted by a hexagon and a
pentagon) or a corannulene-type site (a [5,6] ring junction abutted by two hexagons).
Previous electrochemical experiments showed that, upon reduction of Sc3N@C80, an EC
mechanism was observed. At slow scan rates, the cathodic waves were electrochemically
irreversible, similar to those of the [6,6] monoadducts of Y3N@C80 and Er3N@C80. When
the potential was swept at 20 V/s, the cathodic CV of Sc3N@C80 became
electrochemically reversible, similar to the electrochemical behavior of the [5,6]
monoadducts of Sc3N@C80, Y3N@C80, and Er3N@C80.

Figure 4.12 Cyclic voltammograms of b) the [6,6]-methanofullerene derivative of Y3N@C80 and c) [6,6]methanofullerene derivative of Er3N@C80 at a scan rate of 100 mV/sec. (Energy-minimized structure
shown in lower right corner.)
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It was speculated that the addition of an electron to the endohedral Sc3N cluster
could cause a change in the cluster-cage interaction, or a chemical step in an EC
mechanism. Consistent with this interpretation, faster scan rates showed reversible
electrochemical behavior. The striking similarity between the electrochemical behavior of
pristine Sc3N@C80 at fast scan rates and that of the corresponding [5,6] functionalized
M3N@C80 molecules seen here suggests that not only is the [5,6] double bond more
reactive toward exohedral functionalization, as reported by Poblet,39 but it is also reactive
toward the endohedral cluster after reduction. Consequently, the general reductive
behavior of [6,6] monoadducts (pyrrolidines as well as malonates) resembles that of the
parent metallofullerenes, since the [5,6] double bonds are still available to interact with
the clusters after reduction. Removal of the [5,6] double bond by exohedral
functionalization thus prevents the intramolecular reaction, and the reductive behavior
becomes reversible. Molecular calculations as well as crystal structures of [5,6]
monoadducts of M3N@C80 reveal that, after exohedral functionalization, the bond
becomes elongated and is pulled away from the center of the C80 cage toward the addend.
Consequently, the cluster-cage interaction at the [5,6] bond is lessened because the M3N
unit is positioned away from the reactive site. The existence of a localized interaction
between the endohedral cluster and the [5,6] double bonds could also explain the initial
formation of the [6,6] product as the kinetically favored one.
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Figure 4.13 Cyclic voltammograms of the first reduction wave of the [6,6]-methanofullerene derivative of
Er3N@C80 at a) 100 mV/sec and b) 20 V/sec scan rates.

The electrochemical behavior of these derivatives seems to suggest that this
technique can be employed to differentiate between the two possible regioisomers. The
general trend indicates that all [5,6] mono-adducts display reversible electrochemical
cathodic behavior while the corresponding [6,6] mono-adducts show irreversible
behavior similar to that of the parent endofullerenes.
EPR Spectroscopy of a [5,6]-pyrrolidino Y3N@C80 Anion
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The 5:6 N-ethyl pyrrolidine monoadduct of Y3N@C80 described above in Chapter
4 was crystallized via diffusion by research collaborators.80

The resulting crystal

structure, shown in Figure 4.14, illustrates the major orientation of the Y3N cluster at 0.89
occupancy. The Y3N cluster is slightly pyramidalized with the nitrogen slightly out of the
plane formed by the three metal ions. This out-of-plane displacement can be attributed to
the size of the yttrium ions: Y3+ (ionic radius 1.01Å) is larger than Sc3+ (ionic radius 0.87
Å), and the M3N cluster in Sc3N@C80 is planar. While there are minor orientations for
the Y3N cluster with respect to the functionalized carbon cage, in the crystalline form, the
cluster rotation is at least greatly hindered. The major orientation has the Y3N group
positioned so that two yttrium ions straddle the site of addition and are situated over 5:6
ring junctions on the cage.

Figure 4.14 Two orthogonal views of the structure of the endohedral adduct Y3N@C80C4H9N in
Y3N@C80C4H9N • 2.5 CS2 with 30 % thermal contours. Only the major site (0.89 occupancy) for the Y3
group is shown.
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For a direct comparison with both pristine and [5,6]-pyrrolidino Sc3N@C80, we
attempted an X-band EPR study of the mono-anions of both pristine Y3N@C80 and the
[5,6]-pyrrolidinofullerene crystallized and shown directly above. Beginning with the
parent Y3N@C80, electrochemical reduction in o-dichlorobenzene under vacuum as
described in Chapter 3 was carried out, followed by transfer of the reduced solution into
an EPR tube for measurement. Chemical reductions via potassium metal in THF were
also attempted. Repeated experiments of both these types yielded no significant data
other than a weak singlet, though had this molecule behaved similarly to unfunctionalized
Sc3N@C80, we would have expected to see a four-line pattern in a 1:2:2:1 intensity ratio,
indicative of unpaired spin on three equivalent I = ½ yttrium nuclei. We can rationalize
this result by noting that the metal-nitrogen bonds are longer for yttrium than for
scandium and the metal ions have a larger diameter. It is also possible that this condition
might hinder the Y3N cluster rotation with respect to the cage. These characteristics
could lead to a greatly increased charge transfer/orbital overlap between the cluster and
the cage, resulting in a very delocalized LUMO extended over the carbon cage. In this
case, we would not be able to observe hyperfine structure arising from spin localized on
the endohedral yttrium nuclei.
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Figure 4.15 Experimental (black, top) and simulated (blue, bottom) EPR spectra of the K metal-reduced
mono-anion of Y3N@C80C4H9N in THF

Though we failed to obtain clear EPR spectra of the mono-anion of pristine
Y3N@C80, chemical reduction of Y3N@C80C4H9N yielded surprisingly clear hyperfine
spectra. EPR experiments of the mono-anion of Y3N@C80C4H9N were carried out in a
glassblown vacuum-sealed two compartment cell having an attached EPR tube. The
compound was dissolved in dry THF and reduced upon repeated contact with K metal.
X-band spectra were recorded at room temperature using a Bruker EMX spectrometer,
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and Figure 4.15 shows both the experimental and simulated spectra. To date, the only
published precedent for EPR spectra of either pristine or functionalized endohedral
trimetallic nitride fullerenes is that of the mono-anion of Sc3N@C80,52 No hyperfine
splitting from the endohedral nitrogen was observed, and there was no spectral evidence
of spin on the outside of the carbon cage. For the case of the analogous Sc3N@C80C4H9N
adduct described earlier here in Chapter 3, EPR experimental spectra could be simulated
with unpaired spin on only two equivalent Sc nuclei and one inequivalent Sc with no
evidence of either endohedral nitrogen or exohedral hydrogen contributions to the
hyperfine spectrum. In the case of Y3N@C80C4H9N, however, the addition of the addend
reduced the spherical symmetry of the fullerene, causing a non-equivalence between the
internal yttrium nuclei. The notably accurate first-order simulation of the EPR spectrum
of the mono-anion of Y3N@C80C4H9N (Figure 4.15, bottom), fit within 0.02 G
uncertainty, yields spin densities consistent with the symmetry observed in the X-ray
structure. Two equivalent Y nuclei having the largest hyperfine coupling constants (6.262
G) and a unique Y center (1.354 G) demonstrate a reduction in internal symmetry, and
thus a preferential orientation of the internal cluster. Some unpaired spin is visible on the
internal nitrogen as well (0.509 G). Two pairs of equivalent hydrogens with slightly
different hyperfine splittings (0.206 and 0.188 G) are evidence that the LUMO of
Y3N@C80C4H9N is not confined to the internal cluster. To our knowledge, this is the first
experimental EPR spectrum of an endohedral fullerene which shows unpaired electron
spin on both the endohedral cluster as well as outside the carbon cage. The presence of
hydrogen hyperfine structure in the LUMO indicates that the most probable orientation of
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the internal cluster of the fullerene mono-anion is somewhat similar to that of the neutral
molecule in the crystalline form since the bulk of the unpaired spin density resides on the
two Y nuclei closest to the pyrrolidine addend.

It is remarkable that the small

dissimilarity in the hyperfine coupling constants between the two pairs of hydrogens is
visible—clear evidence that despite a possible thermal internal cluster rotation, the local
chemical environments over the five- and six-membered rings are appreciably different.
The EPR spectral linewidths were narrow (0.16 G), and the g-value of 1.998915,
somewhat below that of carbon-centered radicals, is typical of radicals having significant
metal-based unpaired spin.
The fact that the addition of a single addend across a 5:6 double bond on
Y3N@C80 so changed the character of the LUMO, as observed by EPR of the
monoanions of both the parent and functional forms of the molecule, is very interesting.
The electrochemical comparison of Y3N@C80 and [5,6]-Y3N@C80C4H9N showed that
fast cyclic cathodic potential scans in the case of the latter could ‘freeze’ the EC reaction
after reduction.

It is possible that elimination of a 5:6 double bond changes the

endohedral cluster rotation dynamics. Elimination of this bond might also decrease the
degree of charge transfer and/or cluster/cage orbital overlap, resulting in more electron
density of the LUMO located on the cluster. A further pyramidalization of the cluster
might also occur upon reduction.
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CHAPTER FIVE
INSERTION OF Li+ INTO AN OPEN FULLERENE
Background of Komatsu Open Fullerenes (OF)
In 2003, Komatsu and coworkers described the synthesis from C60 of several
open-cage fullerenes having different-sized holes.146

The most interesting of these

variants had an opening that consisted of a 13-membered heteroatomic ring containing
both a nitrogen and sulfur. Connected to the ring atoms were two oxygen atoms and
three phenyl groups. An X-ray crystal structure of this azadioxothia-open fullerene, or
‘OF,’ shows its unique structure and large orifice in Figure 5.1.

Figure 5.1 The X-ray structure of the Komatsu azadioxothia-open-cage fullerene derivative (OF) with the
displacement ellipsoids drawn at the 50% probability level.
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A second article, following closely after the first paper, reported the 100%
encapsulation of gaseous H2 inside this open fullerene derivative, forming H2@OF.147
Furthermore, upon laser fluence at high powers during MALDI-TOF MS experiments,
the cage orifice was observed to close by itself, regenerating C60 and trapping H2 inside to
form H2@C60 in approximately 33 % yield. This high yield of an endohedral fullerene is
remarkable considering that the formation of most endohedral fullerenes in an arc
synthetic procedure occurs at well under 10 % yield. The laborious but elegant organic
method of synthesis of an endohedral fullerene in the gas phase by low-energy organic
synthesis was suggested in the paper to possibly eventually replace high-energy
inefficient arc synthesis.
Electrochemical Synthesis and Characterization of Li+@OF
While in various endohedral fullerenes such as He@C60, N@C60, and H2@C60 the
encapsulated atom or molecule is neutral and does not interact via charge transfer with
the carbon cage, most endohedral fullerenes consist of metallic ions, ionic clusters, or
heteroatomic clusters which have strong interactions with the surrounding carbon cage.
The formation of, for example, an alkali metal endohedral fullerene such as K@C60
would be very difficult due to the reactivity and propensity of potassium to form its
oxide. However, the possibility of forming such a compound via the work of Komatsu
and coworkers was inviting. Beginning with the open fullerene described above, we
envisioned an electrochemical synthesis in solution of the alkali metal lithium inside the
open fullerene, designated by Li@OF. The lithium would be provided in ionic form by
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Li+BF4-, and by reducing the open fullerene, the Li cation would be drawn into the OF
cavity by electrostatic attraction. Further validation of this scheme is shown by the
LUMO of the OF, calculated by Komatsu and coworkers, and shown in Figure 5.2.
Addition of one or two electrons to the OF should result in electron density somewhat
evenly distributed on the closed part of the carbon cage, helping attract the Li+ ion into
the interior of the cage.

Figure 5.2 The optimized structure of Komatsu open-cage fullerene derivative with
the contour of the LUMO, calculated at the B3LYP/6 - 311G** level of theory. (Ref. 146)

In order to elucidate the electrochemical reduction potentials of the open
fullerene, cyclic voltammetry of a solution of the OF was carried out in argon-purged
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THF in a single-compartment cell using a standard three electrode setup. The cathodic
cyclic voltammogram (Figure 5.3) shows four reduction waves in the solvent window of
which three are chemically and electrochemically reversible, reminiscent of the
electrochemistry of the parent C60.

Figure 5.3 CV of Komatsu OF in THF (V vs. Ag/Ag+) with 0.1 M TBAPF6-, 100 mV/sec scan rate.

After initial CV experiments in a one compartment cell, vacuum electrochemical
experiments on the OF were carried out in an H-cell having two compartments separated
by a frit using THF dried over Na/K alloy and vapor transferred under vacuum into the
electrochemical cell. The working electrode was a 2 mm platinum disk, the reference
electrode consisted of an isolated silver wire in a AgCl solution separated by a Vycor tip
from the bulk THF solution, and platinum gauze formed the counter electrode. For bulk
electrolysis, both the working and counter electrodes were platinum gauze. The dried
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lithium salt was stored in an arm connected to the cell. An initial CV was run, after
which the lithium salt was added to the solution and another CV run. Immediately
following, the electrode configuration was changed and the solution was electrolyzed past
the potential of the first or second reduction wave of the OF. At the completion of the
electrolysis, a reverse electrolysis returned the potential to neutral and a third CV was
run. Figure 5.4 shows the CV results of a typical experiment.

Figure 5.4 CV of OF in THF (top); after addition of lithium salt (middle); and after electrolysis and
neutralization (bottom).
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Immediately upon addition of the lithium salt, new cathodic waves were visible
between the original empty OF waves. These new features were smaller in intensity
when compared with the empty OF waves. Seen in the bottom scan of Figure 5.4, after
electrolysis with the Li+BF4- and re-neutralization of the solvent, the new waves have
become the prominent ones, suggesting that a new species of OF, more difficult to
reduce, is formed in the electrolysis process. The new features when compared to the
original electrochemistry are more easily seen in Figure 5.5, an OSWV electrochemical
study of a similar experiment.

Figure 5.5 OSWV of OF in THF (black trace); after addition of lithium salt (red trace); and after
electrolysis and neutralization (green trace).
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It is evident that the electrochemical potentials of the reduction waves of the OF begin to
shift immediately after the addition of Li+. However, the resulting new reduction waves
could not be deconvoluted until after the solution had undergone electrolysis.
With seemingly two species of OF in solution, characterization of the mixture was
necessary but difficult. Because of the charged nature of the system, the excess lithium
salt as well as the supporting electrolyte could not be removed from the OF by column
chromatography since charged molecules would stick to the silica column. Therefore, to
determine whether the Li+ was residing on the outside of the cage or stuck at the hole
opening vs. inside the fullerene, to the OF solution was added an excess of Kryptofix
2.1.1, a cryptand that preferentially binds the Li+ ion. In fact, the binding constant of this
cryptand is so high that unless the lithium was inside the OF, it would be captured by the
Kryptofix 2.1.1. One downside of this synthesis is the difficulty of separating the species
of interest from the ‘soup’ created from the process.
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Figure 5.6 MALDI-TOF MS of the empty Komatsu OF.

Two methods of characterization were possible: MALDI-TOF MS and 7Li NMR.
For a reference point, the mass spectrograph of the starting empty OF was collected first
(Figure 5.6). A single, prominent peak having the correct m/z ratio of 1066 is visible.
Next, the OF sample after lithium salt addition, electrolysis, and cryptand addition was
examined by mass spectrometry. Encouragingly, one peak seven mass-to-charge units
greater than 1066 was visible (Figure 5.7). This result corresponds to an open fullerene
plus the mass of a single 7Li, the most abundant isotope. Again, because of the cryptand
excess, all lithium bound to the outside of the OF should have been sequestered, leaving
only the endohedral lithium-OF complex Li+@OF.
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Figure 5.7 MALDI-TOF MS of Komatsu OF after addition of Li+, electrolysis, and Kryptofix 2.1.1.

7

Li NMR of the same sample was inconclusive. After calibrating with a solution

of the Li+BF4- salt, the only signal visible from the Li+-OF complex sample was a
downshifted peak, which we identified as the Li@2.1.1 complex. No signal from the
Li+@OF was visible.

Additional purification and characterization of this possible

endohedral open fullerene complex is necessary to prove the success of this series of
experiments.
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CHAPTER SIX
Cu@C60: A REASSIGNMENT OF THE EPR SPECTRA
Though many endohedral mono-metallofullerenes having relatively large carbon
cages have been isolated, characterized, and chemically functionalized, M@C60 and
M@C70 species have so far remained largely elusive due to their low solubility in common
organic solvents and their general instability in air. Recently, a report of the synthesis,
isolation, and characterization of a new endohedral fullerene, Cu@C60, was published by
Huang, et al.148 In their synthesis, copper ions sputtered into a nitrogen rf-plasma collided
with sublimated C60, and the resulting deposit was solubilized in CS2 and subsequently
examined by EPR spectroscopy. The two observed overlapping patterns of four completely
resolved hyperfine lines having slightly different hyperfine splittings and the correct
isotopic intensities gave unequivocal proof of paramagnetism arising from unpaired
electron density on 63,65Cu nuclei. On the basis of a TOF-MS spectrum with a main peak at
m/z 783, the g-value of the EPR hyperfine pattern, and its mI-dependent line widths, the
assignment to a carbon-60 cage containing an off-center Cu2+ ion was made. In 2005,
Dinse, et al. published both room temperature and liquid nitrogen-frozen CS2 solution EPR
spectra of a radical which was produced in a standard Krätschmer-Huffman (K-H) arcing
apparatus by unintentional addition of copper from the graphite electrode mounts.149 Since
their room temperature solution spectrum was identical to that in the previous study, Dinse,
et al. also assigned it to Cu@C60, though they did not report a mass spectrum of the
compound. The mI-dependent spectral line widths and the temperature behavior, as well as
DFT structure optimizations of the radical, were believed to be indications that the off-
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center Cu2+ endohedral ion was ‘internally docking’ to the inner carbon cage on the EPR
timescale. Also in 2005, a theoretical paper motivated by the first report of Cu@C60 was
published.150 In it, energy optimization calculations using the Hartree-Fock method yielded
a model of Cu@C60 with an off-center copper ion inside a deformed carbon cage and a
small but positive binding energy. This chapter describes attempts to synthesize Cu@C60
by K-H arc in large enough quantities for complete characterization, and reports the
surprising finding that the isolated radical corresponds to a dithiocarbamate copper
complex, not Cu@C60. However, the radical’s EPR spectrum is identical to that assigned
to Cu@C60.151
In an effort to duplicate the published results, a modified K-H apparatus was
utilized. In a 300 Torr helium atmosphere, an 80 A DC arc was struck between a graphite
anode and a core-drilled cathode into which a piece of copper metal had been inserted. The
soluble portion of the soot produced from this synthesis was extracted in CS2, and EPR
spectra showed the presence of the copper radical previously reported, but in very small
amounts. To increase the yield (monitored by the intensity of the EPR signal), variations in
the elemental composition and configuation of the rods, helium pressure, arc current, and
extraction solvents were explored. Cathode composition included pure graphite, coredrilled graphite with an inserted copper slug, and pure copper. Anodes were either pure
graphite or composite carbon/copper powder annealed molded rods. Extraction solvents
consisted of CS2, pyridine, or mixtures of the two, since M@C60 species have been shown
to be preferentially extractable in pyridine and aniline.152-155 Yields of the copper-centered
radical remained low until both yttrium and nickel were added in catalytic amounts to the
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anode. Milligram quantities of the radical compound were then collected when a 1:1
mixture of CS2/pyridine was used to extract soot produced by arcing a carbon/Y/Ni
composite anode against a pure copper cathode.

Figure 6.1 X-band EPR spectra in CS2 of the purified Cu2+ radical compound.

The compound was purified by column chromatography in a 1:1 eluent ratio of
toluene/CS2 after first evaporating the CS2/pyridine mixture and redissolving and filtering
in CS2. Two yellow bands having similar RF values by TLC were eluted separately, and
the band containing the paramagnetic species was collected, dried, and redissolved in CS2
for EPR studies. Figure 6.1 shows the X-band first-derivative EPR absorption spectrum of
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the radical in solution at room temperature. With g-values of 2.0483 and 2.0477 and
hyperfine coupling constants of 77.4 G and 82.7 G for 63Cu and 65Cu nuclei respectively in
an isotopic ratio of 2.25, this spectrum is identical to those reported by Huang, et al,148 and
Dinse, et al.149

Figure 6.2 MALDI-TOF-MS spectrum of the purified Cu2+ radical compound.

MALDI-TOF-MS of this compound did not yield the expected peak corresponding
to Cu@C60 despite repeated attempts. Instead, shown in Figure 6.2, the most intense feature
of the spectrum was a double peak at m/z 383 and m/z 385 with an isotopic ratio indicative
of a copper-containing species. Cyclic voltammetry in o-dichlorobenzene (Figure 6.3)
showed only two reversible waves at 0.11 and -1.04 V vs. Fc/Fc+ within the entire solvent
window, a behaviour that is not typical of fullerenes.
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Figure 6.3 Cyclic voltammogram in oxygen-free THF with TBAPF6 as the supporting electrolyte. Pt
working and auxiliary electrodes with a Ag/Ag+ pseudo-reference electrode were utilized in a onecompartment cell.

At this point, it was discovered that the compound was highly soluble in many organic
solvents ranging in polarity from CS2 to methanol. Again, no known pristine fullerenes
behave this way. The compound was then dissolved in THF, and UV-Vis spectra collected.
The spectrum in Figure 6.4 shows an intense absorption at 272 nm with a shoulder at 287
nm which dominates the spectrum, and a broad band with λmax at 435 nm followed by a
very broad, weaker, tailing band that extends past 700 nm.
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Figure 6.4 UV-Vis spectrum in THF of the purified copper compound.

As no clear evidence indicating the presence of Cu@C60 was yet present except for
the EPR spectrum in our characterization of this compound, crystallization and X-ray
diffraction were attempted. Slow evaporation of a concentrated solution in CS2 yielded flat
reddish-black parallelpipeds which were examined by single crystal X-ray diffraction at
room temperature. The resulting structure, a copper ion coordinated to two thiocarbamate
ligands with terminal piperidine groups, shown in Figure 6.5, was quite unexpected. A
search of single crystal structures yielded a result identical to the one reported here,156
namely, bis(piperidine-1-dithiocarbamato)copper(II), the divalency of the copper causing
the paramagnetism of the compound. The complexation of CS2 ligands by Cu2+ is easily

88

explained, but the origin of the piperidine N-terminal ligands is not as clear. One possible
source is the pyridine used in the extraction.

Figure 6.5 Single crystal X-ray structure of bis(piperidine-1-dithiocarbamato)copper(II). Thermal
ellipsoids are shown at 50 % probability and solvent molecules are omitted for clarity. The central metal
atom lies on an inversion center and the atoms generated by the inversion are labeled with suffix (A).

More information about the Cu(II) dithiocarbamate family of compounds was
obtained from an extensive literature search. Those reports mentioned herein are merely
representative, not exhaustive, since the literature abounds with such examples. The first
report of electron spin resonance of a divalent copper dithiocarbamate compound was
published in 1959 in Nature.157 The reported X-band benzene solution spectrum of the
Cu(II) diisopropyl-dithiocarbamate complex is in all respects identical to that published by
Huang, et al., Dinse, et al., and as shown in this chapter. According to this early article,
exchanging the terminal groups on the dithiocarbamate ligand (ethyl, isopropyl, and
methyl-phenyl) had little or no effect on the solution EPR spectrum. Also interesting in this
article was the authors’ explanation of the mI-dependent line widths, which were attributed
to insufficient averaging of anisotropy in the resonance structure. Another solution EPR
study of a series of Cu(II) dithiocarbamate complexes offered a different interpretation: that
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the variation in linewidths is due to the orientation of the copper nuclear spin with respect
to the applied magnetic field.158
EPR spectra of solid-phase cupric dithiocarbamate complexes have also been
reported in the literature. Room temperature EPR spectra of thin films of PVC doped with
0.5 % Cu(II) diethyldithiocarbamate159 are identical to the low-temperature spectra reported
by Dinse, et al., as are liquid nitrogen solid solution spectra of the same molecule in
another article.160 Previously reported voltammetry and UV-Vis spectra of cupric
dithiocarbamate complexes with a series of different N-terminal ligands showed qualitative
similarity with these results, with the N,N-dipiperidine species quantitatively identical to
our data.161
Though theoretically the endohedral mono-metallofullerene Cu@C60 is a stable
molecule,150 the only evidence to date of the existence of Cu@C60 is the mass spectrum
reported by Huang, et al. However, the EPR spectra assigned to Cu@C60 can be accounted
for by the compounds formed by the complexation of CS2 in solution by Cu2+ ions. Despite
repeated attempts under a wide variety of conditions, the presence of Cu@C60 was not
detected in this study. More research, both experimental and theoretical, is needed to
ascertain the stability and existence of divalent d-block metals encapsulated by small
fullerenes.
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CHAPTER SEVEN
SYNTHESIS OF ENDOHEDRAL CARBON ALLOTROPES
Control of CNO Size and Morphology during Underwater Arc Synthesis
The carbon onions reported by Sano, et al.

resulting from underwater arc

synthesis had an average size of approximately 25-30 nm.126 The DC arc was operated at
30 A and 17 V, and most of the onions formed were polyhedral, with a few spherical
onions that seemed to consist of nested fullerenes with a C60 core (see Figure 1.2).

Figure 7.1 Underwater arc reactor for continuous production of CNOs installed in Echegoyen lab.

91

In an effort to duplicate Sano and coworkers’ work, we designed and built an
underwater arc reactor (Figure 7.1).162 Electrode holders were fabricated out of stainless
steel with internal Teflon sleeves to electrically isolate the electrodes and enable rapid
electrode replacement. Copper rods were inserted through the body of the electrode
holders to make contact with the graphite electrodes. The copper was left exposed at the
top for direct electrical connection to clamps carrying current from a Miller DC arc
welding power supply. An aluminum frame held both an electric motor and adjustable
Teflon guide bushings into which were fastened the electrode assemblies. A 12-volt
power supply drove the small electric motor connected to a threaded steel rod which
moved the anode continuously toward the fixed cathode. The rate of anode movement
was tuned to the rate of its consumption by the arc, and thus, the arc could be maintained
for hours for continuous production of carbon nano-onions.

A rectangular Pyrex

container was used as the reaction vessel.
A typical production run was conducted as follows: A short, 1” O.D. graphite
cathode was fastened into its holder and clamped into place. A 6” length 1/4” O.D.
graphite anode clamped into its holder and moved into close proximity with the cathode.
The Pyrex vessel was filled with deionized water and the electrodes lowered into the
water to a typical depth of 4”. The DC arc welder power supply was turned on, and the
anode was allowed to move toward the cathode. The arc was usually initiated at a
distance of 1-2 mm and could be maintained at that distance until most of the anode had
been consumed. After the cessation of the arc, the water was allowed to cool. Floating
material on the surface of the water consisted of relatively high purity CNOs, and could
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be collected by skimming the onion film off the surface. Samples for transmission
electron microscopy (TEM) were collected by directly dipping the TEM grid into the
water and allowing the grid to air dry. If additional purification of the onions was
desired, annealing in air at 400°C removed amorphous carbon from the onion samples.
As Sano and coworkers found, during a 30 A arc, onions having a diameter of
around 15-30 nm were formed as the prominent product. Figure 7.2 shows a high
resolution TEM micrograph of typical carbon nano-onions formed during a representative
synthesis.

Figure 7.2 HRTEM micrograph of CNOs generated at 30 A arc current underwater
(scale bar represents 10 nm)

With a desire to form CNOs of differing sizes, especially small carbon nanoonions consisting of two to three layers, we attempted to modify the synthetic conditions
to observe any changes in size or morphology of the CNOs produced. The smaller the
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number of graphitic layers, the more the onions should exhibit fullerene-like behavior. A
carbon nano-onion having only two layers might be much more chemically reactive than
an onion of 30 layers due to surface curvature and the consequent strain energy. A series
of experiments was carried out in which the arc current was varied from 20 to 90 A. The
arc could not be reliably maintained under water below 20 A, and above 90 A, the high
rate of anode consumption, violent bubbling due to gas production, and extremely bright
light from the arc rendered experiments less than controlled. We were able to realize a
measure of success reproducibly in both size and morphology modulation by varying the
current in this range. Figure 7.3 shows an HRTEM micrograph of CNO material formed
during a 20 A arc. The predominant product seemed to be both partially and fully formed
double- and triple-layered CNOs that were roughly spherical. However, at this arc
current, the yield was very low because the rate of anode consumption was quite slow.

Figure 7.3 CNOs formed underwater at 20 A (scale bar = 10 nm)
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Increasing the arc current to 90 A caused a much greater rate of anode
consumption, resulting in much more floating product. This product was collected and
examined by HRTEM. Figure 7.4 shows a micrograph of CNO material formed during a
90 A arc. Most of the visible CNOs were non-spherical many-shelled polyhedra with
relatively sharp edges. Their size ranged from 30 to 50 nm, and their inner core was very
large and irregular. It is possible that in the violently exothermic conditions of the high
current arc, the chaotic cooling did not allow the slow formation of more spherical
structures.
It is clear that when the arc current is increased, both the heat produced and the
gas volume released affects the immediate arc environment. Whether or not the cooling
time during the formation of the CNOs varies with arc current is not yet clear. A
mechanism for the synthetic assembly of these particles has not conclusively been
established, but there is a clear trend in our experiments that correlates arc current with
both the size and morphology of the carbon nano-onions produced in our synthesis.
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Figure 7.4 CNOs formed underwater at 90 A (scale bar = 20 nm)

Preparation of CNO@CNT
The ultimate all-carbon endohedral structure of course would be multi-shelled
carbon nano-onions inside of multi-walled carbon nanotubes (MWNT).

While

technically different allotropes of carbon, CNO and MWNT are similar in many ways:
they can be synthesized to have different diameters, number of graphitic layers, and apart
from a single lengthened dimension in the case of MWNT, are almost identical. Reports
of the insertion of fullerenes inside of single walled carbon nanotubes (SWNT) to form
the so-called fullerene peapods abound in the literature. While it is relatively easy to
insert the fullerenes into the SWNTs either in the gas phase via sublimation of the
fullerenes or in solution with ultrasonication (since most fullerenes are soluble in organic
solvents), forming CNO@MWNT is not as easy. Carbon nano-onions are neither soluble
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in any solvent, nor are they known to sublimate when heated.

Consequently, any

synthesis of these mixed-allotrope endohedral structures could only be carried out using
the most common brute-force method for insoluble reactants: ultrasonication.

Figure 7.5 HRTEM micrograph of 5 nm CNO formed from nanodiamond annealing.

As a first attempt to form CNO@MWNT, a simple strategy to maximize the
probability of CNO insertion into the nanotubes was necessary. First, the smaller the
diameter of the carbon onions, the better the chance for filling the nanotube. Second, the

97

larger the diameter of the nanotube, the larger the ‘reaction cross section’ for insertion.
To fulfill the small CNO requirement, carbon onions formed by annealing nanodiamond
in inert gas atmospheres were chosen.128 These CNOs have an average diameter of 5 nm
and disperse well after ultrasonication in organic solvents (Figure 7.5). For the MWNTs,
a report was found which described the synthesis of large-diameter carbon nanotubes
having a very wide inner hollow diameter with few graphitic walls outside.163 These
nanotubes were prepared from a catalytic decomposition of a trimethylamine [(CH3)3Nferrocene] mixture. We obtained a sample of these large MWNTs for use in this study
and HRTEM revealed that the inner diameter in our sample ranged from roughly 40-60
nm.
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Figure 7.6 HRTEM micrograph of large I.D. oxidized MWNT with 5 nm CNO conglomeration.

The synthetic procedure began with the annealing of the MWNT sample in air at
600 °C for five minutes. This oxidation removed the end caps of the nanotubes and
created defects in the sidewalls through which the carbon onions might enter. Then, a
mixture of oxidized MWNT and CNO was dispersed in ethanol and ultrasonicated
overnight. Figure 7.6 shows a HRTEM micrograph with both a large diameter oxidized
MWNT and a conglomeration of CNOs for relative size comparison. It is evident that the
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ends of the nanotube are open and that in places, the sidewalls have holes through all the
graphitic layers.

Figure 7.7 HRTEM micrograph of CNO entering the open end of an oxidized MWNT.

Figure 7.7 shows an oxidized MWNT with some CNOs entering the open end.
Because of the difference in size between the MWNT and the CNOs, the interactions
between the onions are stronger than the van der Waals interaction between the onions
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and the nanotube walls. Therefore, onions do not enter the nanotube individually in a
linear fashion, but as conglomerates of several CNOs.
After overnight ultrasonication, some completely filled MWNTs were visible.
The packing fraction of CNO inside these nanotubes was extremely high—almost
resembling a linear semi-crystalline structure (Figure 7.8). Though this structure is
technically an endohedral structure, the non-discrete character of the CNO conglomerates
leaves something to be desired when it comes to elegance. However, potential uses for
large MWNT packed with small CNO exist. Because of their extremely large surface-tovolume ratio, CNOs should be very good at interacting with certain gases via adsorption.
A sample such as the one described here might be extremely efficient as a ‘scrubber’— to
remove harmful gases from the air by sequestering the gases inside the nanotube and thus
filtering the air.
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Figure 7.8 HRTEM micrograph of an oxidized MWNT completely filled with small CNO.

Further synthetic steps toward a more elegant CNO@CNT system should attempt
the insertion of both large (underwater arc synthesized) carbon nano-onions inside of
large I.D. nanotubes and small CNOs inside of MWNT having inner diameters matching
their size. While these systems might be more difficult to synthesize, they would have
more the characteristics of a 1-D CNO crystal inside a nanotube, which might facilitate
more direct comparisons with fullerene peapods.
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CHAPTER EIGHT
FUTURE DIRECTIONS IN ENDOHEDRAL FULLERENES
Sc3N@C80@SWNT Peapods for Novel Electronic Effects
The incorporation of endohedral metallofullerenes inside nanotubes to form
fullerene peapods can change the electronic properties of the nanotubes. For example, a
comparison of field-effect transistors (FET) built from hollow SWNTs with Gd@C82filled SWNTs shows drastically different characteristics: ambipolar behavior similar to
both p- and n-doping within the same system, and the ability to modulate the band gap of
the SWNTs based on the fullerene filling density.164 In addition, the interaction between
La@C82 or Gd@C82 fullerenes and the nanotube walls inside the SWNT causes them to
self-align, restricting fullerene rotation and causing a permanent dipole moment at room
temperature.165
From data shown earlier in Chapter 3, we know that the endohedral cluster
rotation of Sc3N@C80 can be affected by at least three factors: 1) external cage
perturbation from either direct chemical functionalization or through-space interactions in
the crystalline form; 2) temperature variations; and 3) the redox state of the molecule. If
one could gain control over the endohedral cluster rotation dynamics (i.e., turn the Sc3N
rotation on or off by design), then one could think of the Sc3N@C80 molecule as a binary
data storage system. Simply by filling a SWNT with Sc3N@C80, it is possible that at
room temperature, the fullerene-nanotube interaction might stop the carbon cage rotation
and the fullerene-fullerene interaction will hinder the endohedral cluster rotation, similar
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to the case of the pristine Sc3N@C80 neutral crystal structure.10 (A Sc3N@C80-filled
SWNT can be thought of as a 1-D crystal. See a similar system, C60@(10,10)-SWNT, in
Figure 8.1)

Figure 8.1 Schematic of a 1-D crystalline C60@(10,10)-SWNT peapod.

Following previously published procedures for gas-phase filling of SWNTs with
fullerenes by sublimation, incorporation of Sc3N@C80 inside SWNTs should yield
interesting results.

Any rotational behavior would be monitored by high resolution

transmission electron microscopy (HRTEM), which provides a visual picture of the
cluster orientation, and Raman spectroscopy, which can measure the vibrational modes of
any metal-carbon cage interactions. Simple variable temperature studies on the peapods
could determine the internal rotation energy barrier. Since the thermal conductivity of
SWNTs is high, phonon-to-rotational energy transfer should be efficient. A variation on
this theme would be to heat only one end of the SWNT peapod to see if induced cluster
rotation can propagate through the linear Sc3N@C80 chain. Applying a voltage to SWNT
peapods on a conducting electrode might also affect the endohedral cluster of the
fullerenes, similar to a reductive electrochemistry experiment. As noted before, we
would expect to see a modulation of the band gap with increasing fullerene packing ratio,
as well as a conductivity change as compared with empty SWNTs. If the internal clusters
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in the fullerene chains of a discrete individual peapod can be manipulated, each filled
nanotube can act separately as either a ‘0’ (hindered cluster rotation) or a ‘1’ (free cluster
rotation) and a binary read/write architecture could be constructed.
Substitution of P for N: M3N@C2n Î M3P@C2n or M5P@C2n
Beginning with the prototypical trimetallic nitride endohedral fullerene,
M3N@C80, several modifications to its general form have been carried out: exchanging
other metals in the synthesis to form different M3N@C80 molecules; synthesizing mixed
metal metallic nitride fullerenes such as ErSc2N@C80 or Er2ScN@C80; and synthesizing
different sized carbon cages such as Sc3N@C68. However, one significant modification
has not yet been attempted: replacement of the endohedral nitrogen with phosphorus.
The implications of such a substitution are many. Though phosphorus is directly below
nitrogen in Group 15 of the periodic table because of its similar electronic configuration,
its chemical behavior is quite different than that of nitrogen. For example, while the
largest number of ligands that nitrogen can bind is 3, phosphorus can also be found in the
4+ and 5+ oxidation states. Metal-phosphorus bonds are considerably longer than metalnitrogen bonds due to the larger van der Waals radius and smaller electronegativity of
phosphorus.
However simply replacing a nitrogen source with a phosphorus source in the
fullerene synthesis is not straightforward. The analogue of ammonia, PH3, phosphine, is
not merely toxic like ammonia, but is a deadly poison. Therefore, extending the reactive
gas synthetic method is not possible. Two other possibilities are adding solid phosphorus
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compounds such as trimethyl- or triphenyl-phosphene to the carbon/metal oxide anode
composition or soaking the carbon/metal powder with an organo-phosphorus liquid
compound.
On the one hand, the possibility that a M5P endohedral cluster could form seems
to negate the possibility of reasonable yields of such a fullerene. However, recently
published data has indicated that increasing the endohedral cluster size by substituting
larger f-block metals such as Nd, Pr, Ce, and La does not necessarily translate to lower
synthetic yields. Instead, the larger cluster tends to template larger carbon cages.107,114,115
Also potentially troubling is the quite lengthy metal-phosphorus bonds.

This

characteristic could also actually work positively for the formation of metallic phosphide
fullerenes. Because phosphorus is more polarizable, the charge transfer from the M3P or
M5P cluster to the cage could enhance the yield of the compound since energetically, it
would represent a more thermodynamically stable system.

If formed, it would be

expected that its electronic properties would be quite interesting, since the replacement of
nitrogen with phosphorus could be seen as a reversal in the endohedral ‘dopant’ type in
semiconductor terms. In any case, with a larger degree of charge transfer, one could
expect the HOMO-LUMO gap to increase, thus increasing the environmental stability of
the molecule. In any case, the possibility of encapsulating either a large M3P or the
largest cluster to date, M5P, inside a fullerene cage is an exciting prospect.
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Appendix A
Photo-initiated Charge Transfer in a Unique COT-exTTF Dyad

In recent years, there has been increasing interest in the synthesis of donoracceptor dyads that exhibit photo-induced electron transfer.166 The goal for these systems
is the conversion of photon energy into a useful electrochemical potential.

By

synthesizing molecules in which light triggers a long-lived charge-separated state, the
resulting zwitterion survives long enough for the energy stored in the system to be
collected. Typically, the dyads having the longest-lived charge separation tend to be
systems in which a fullerene acts as the electron acceptor and a porphyrin or chlorin
(mimicking nature) represents the electron donor.167 However, though researchers have
succeeded in synthesizing dyads having relatively efficient photon-to-electron energy
transfer, the discovery of the best systems is largely based on trial and error, though the
individual molecular components pieced together generally show the desired donor or
acceptor characteristics. An elegantly rational connective synthesis of dyad donor and
acceptor components that are ideally tailored for each other is desirable. We describe
here such a ‘designer’ molecule, and its charge-transfer characteristics upon irradiation.
An electron donor that readily transfers more than one electron and whose
dication state is relatively stable was desired as one component of the dyad. A quinonoid

π-extended tetrathiafulvalene (exTTF) molecule (Figure E-1) was described in the
literature as having the desired characteristics.168 Removal of a single electron to form a
singly charged cation caused a disproportionation to the more-stable dication.
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An

electrochemical study confirmed this behavior by showing that the oxidation of the
molecule is an energetically-facile 2-electron process.169

Figure E-1 exTTF structure

An X-ray crystal structure of the dication170 yielded the reason for the stability of the
dication: a molecular conformational change wherein the anthracene backbone became
planar (represented in Figure E-2). Driving the conformational change was the fact that
the resulting doubly-charged cation gained a fully-delocalized aromatic electronic
structure.

Figure E-2 Conformational change of exTTF upon 2-electron oxidation. (From Ref. 169)
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Flash photolysis of the exTTF molecule in de-gassed solution readily yielded the
dication. However, in aerated solvent, spectroscopic methods showed that photolysis of
the neutral molecule caused photo degradation, converting the dithiole rings into ketone
groups to form anthraquinone.170
Moving our attention to the other half of the proposed dyad, the ideal candidate
for the electron acceptor moiety would have an analogously opposite set of characteristics
when compared to the exTTF.

Known in the literature for a long time, the

cyclooctatetraene (COT) molecule, an eight-membered ring, readily accepts two
electrons to form a dianion. Upon reduction, the boat conformation of the ring becomes
planar and the ring becomes electronically aromatic in the Hűckel sense, similar to the
exTTF upon oxidation.171
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eFigure E-3 COT-exTTF neutral and proposed di-zwitterionic structures.

A synthetic marriage of the two molecules described above seemed ideal. The
two molecules were synthetically joined with a conjugated 2-carbon bond with the idea

110

that, upon a 2-electron transfer across the linking bond, the entire molecule would have a
fully conjugated and aromatic delocalized electronic structure. Upon irradiation with
light, the 2-electron transfer from one side of the dyad to the other should be energetically
favored due to the thermodynamic stability gained by the double-conformational change
in planarity and to electronic aromaticity (Figure E-3). By design, this dyad should
exhibit a relatively long charge-separated state.

Figure E-3 UV-Vis spectra of irradiated (514 nm) COT-exTTF in THF.

Initial irradiation experiments on the COT-exTTF dyad were carried out in a THF
solution. An argon laser beam at 514 nm wavelength was directed at a quartz cuvette of
the solution open to air for ten minute segments. The cuvette was held at a constant
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temperature by liquid nitrogen vapor during irradiation. After each ten-minute interval,
the THF solution was examined by UV-Vis spectroscopy, the laser power was increased,
and the experiment repeated. Figure E-4 shows the irreversible change in the absorbance
spectrum over each ten-minute interval.
Several isosbestic points in the superposition of spectra clearly indicate the conversion of
the initial dyad into a new species. To drive the reaction causing the change in the
absorbance of the solution to completion, the laser power was increased to 5 watts and
the ten-minute intervals repeated. This time, the absorbance spectrum changes were
more pronounced (Figure E-5).

Figure E-5 UV-Vis spectra of 5 watt, 514 nm irradiated THF solution of COT-exTTF.
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Spotting the resulting solution on a TLC plate and running the chromatographic
separation in THF yielded four separate spots. An analysis of the spot with the highest
retention factor, (on the solvent front) proved it to be the starting material. Two reddish
dots with similar but different retention factors lagging the solvent front were identified
as the two partially photodissociated isomeric mono-ketone dithiole versions of the
starting dyad (Figure E-6). A final spot which did not move at all on the silica TLC plate
was colorless in white light but fluorescent in UV light. This species was not separated
since it was irreversibly adsorbed onto the silica, but behaved like a charged molecule.
This final spot therefore remained unidentified but it could potentially be the chargeseparated state of the dyad.
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Figure E-6 Products of 514 nm irradiation of THF solution of COT-exTTF in air.
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To eliminate the ketone photo dissociated products and attempt the photosynthetic formation of the charge-separated state of the dyad, a vacuum UV-Vis
apparatus was glass-blown. A quartz cuvette with a glass stopcock was attached to a
small flask, and both NMR and EPR tubes were attached as well. The dyad molecule was
dried and placed into the flask, and the apparatus attached to a high-vacuum line. In
separate experiments, THF and Me-THF were vapor transferred into the flask; Me-THF
to form a transparent glass upon liquid nitrogen cooling. Deuterated versions of the
solvents were used for NMR studies. After solvent transfer, the stopcock was closed and
the COT-exTTF solution transferred to the cuvette. To prevent bubbling or excessive
vapor pressure upon the heating of the solution caused by the laser irradiation, the cuvette
was cooled with liquid nitrogen during the irradiation. In addition to laser irradiation, a
high-intensity xenon lamp was also used as a light source. After ten-minute irradiation
durations using both light sources, each UV-Vis spectrum collected showed no change in
the spectrum. NMR analysis of the irradiated solution showed no change from the
spectrum of the original, and no radicals were visible in the EPR spectra. Therefore, we
concluded that for our continuous irradiation experiments in oxygen-free environments,
the desired charge-separated state of the dyad was not achieved or was not sufficiently
long-lived enough to measure.
While these experiments represent a starting point, several changes in both
measurement techniques and molecular structure should be attempted.

First, time-

resolved fluorescence spectroscopic detection should be used under the same conditions
as described above. If the charge-separated state has a short lifetime, we should be able
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to observe its transient spectrum. Second, studies of the addition of alkali metal ions to a
solution of the subsequently doubly-reduced COT molecule have shown that the
complexes formed both decrease the time for electron transfer172 and thermodynamically
stabilize the COT dianion.173 And third, the conjugated connective bond between the two
halves of the dyad should be changed. In order to create more of an energy barrier to
charge recombination, the bond should be lengthened and formed from an alkane rather
than a conjugated double bond. While the light would provide the energy needed for
electrons to hop across the lengthened bond, the reverse charge-transfer should be
hindered.
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Appendix B
EPR Study of a Unique Fluorine-based bi-radical Rearrangement174

Amorphous fluoropolymers, such as Teflon AF, hyflon AD, and cytop, have
attractive properties as optical materials for use in a variety of applications. However,
their application as soft polymer pellicles in 157-nm microlithography failed because of
photochemical degradation. The degradation was thought to be a result of β scission of
the cyclic ether structures in the polymer chains. In exploratory research on potential
alternative amorphous fluoropolymers, a polymer based on F5SOCF=CF2 (1) seemed
promising for two main reasons: 1) the bulkiness of the SF5 group might effectively
prevent crystallinity in the co-polymer with tetrafluoroethylene (TFE), and 2) its linear
structure might be less prone to β scission under UV irradiation. Other perceived
advantages included high fluorine content and expected high thermal stability. The
polymerization of SF5-substituted vinyl ethers had not been previously reported. Quite
unexpectedly,

1

undergoes

a

facile

rearrangement

difluoro(pentafluorosulfanyl)acetyl fluoride F5SF2CC(=O)F (3).
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at

22°C

to

give

Figure C-1: Compound 1 rearrangement to compound 3 at room temperature.

The vinyl ether 1 was quickly found to be unstable at 22°C and plans to use it as a
co-monomer in polymerization with TFE had to be abandoned. Its facile rearrangement
to 3 at room temperature was evident in both NMR and IR spectra. A sample of 1 (3
mmol) sealed in an approximately 40-mL sample tube gave 2.7 mmol of pure 3 (90%)
after 12 h at 22°C. A small sample of neat 1 (0.5 mmol) was completely decomposed
after 2 h at 22 8C.
A proposed radical mechanism for the rearrangement is shown in Figure C-2.
The process is comprised of a homolytic cleavage of the S_O bond of 1, followed by a
rearrangement of an oxygen-centered radical 5 to a more-stabilized carbon centered
radical 6, and then a recombination of the radicals 4 and 6 to yield compound 3.
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Figure C-2: Proposed radical mechanism of the pentafluorosulfanyl trifluorovinyl ether rearrangement.

Neat liquid samples of 1 were placed in a 3-mm I.D. quartz tubes, degassed, and
sealed. X-band EPR first derivative absorption spectra were then recorded at 22°C. Signal
intensity decreased after 2 hours. The rearrangement shown in Figure C-2 is supported
by EPR. The experimental spectrum (top, Figure C-3), was closely matched by the
simulated spectrum (bottom, Figure C-3) and is consistent with the proposed mechanism.
Five spectroscopic lines having additional second-order splittings were fitted using four
equivalent F nuclei with a hyperfine splitting of 144.0 G and a g value of 2.00290 (black
in the simulated spectrum). This spectrum is identical to that from an earlier study of the
SF5 radical, in which electron spin on four equivalent equatorial F nuclei was observed
with no resolvable coupling to the axial F nucleus. A second hyperfine pattern is also
visible in the spectrum. This pattern, a triplet of doublets with 1:2:1 relative line
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intensities and a g value of 2.00318, can be simulated by electron spin on two equivalent
F nuclei (58.2 G) and a single F nucleus (5.0 G) (blue in the simulated spectrum).

Figure C-3: EPR spectra of the rearrangement of 1; top: the experimental spectrum recorded on a Bruker
EMX spectrometer; bottom: simulated
spectrum (calculated by Bruker SimFonia)

This spectrum, with hyperfine values well within the typical range of known primary and
secondary F hyperfine splittings, corresponds well with the radical 6. This radical had not
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been previously identified. No evidence for radical 5 or other radical species was
observed in the EPR, probably because of its rapid intramolecular electron transfer and
conversion into 6. The EPR study suggests that the intermediate radicals 4 and 6 have
reasonably long lifetimes, a property which can potentially be utilized to initiate radical
polymerizations. Preliminary experiments demonstrated that 1 readily initiated
polymerization of TFE or vinylidene fluoride (VDF). We believe the detection of both
radicals in a homolysis reaction is quite rare, as is their recombination to form a
rearranged product in high yield.
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Appendix C
EPR Study of the Anion of an Expanded Radiannulene Molecule175,176

A unique π-rich radiannulene, synthesized and characterized by Tykwinski and
coworkers,175 was found to have interesting electrochemical properties, and was
electrochemically reduced to form the monoanion, which was examined via EPR
spectroscopy.
The structure of the radiannulene is shown in Figure D-1 below. The central
section contains no hydrogens, and with the alternating single, double, and triple bonds,
the electrons should be quite delocalized through the whole molecule.

Figure D-1: Expanded radiannulene molecular structure.
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The electrochemical properties of this molecule were measured in CH2Cl2
containing 0.1M nBu4PF6 and with a 3-mm diameter glassy carbon disk as the working
electrode (Figure D-2). Ferrocene was added at the end of the experiments and used as an
internal reference for measuring the potentials. This radiannulene was easier to reduce
and oxidize when compared with other similar annulene molecules, which is consistent
with the UV/Vis absorption data that showed a smaller HOMO–LUMO gap for it. It
presented two reversible one-electron reductions at _1.36 V and _1.71 V versus Fc+/Fc
and a reversible one-electron oxidation at 0.68 V versus Fc+/Fc.

Fc

Figure D-2: Accessible reductions and oxidations yield a relatively small HOMO-LUMO gap.

Since the compound was easy to reduce, a controlled potential electrolysis just
past the first reduction was carried out in an H-cell under vacuum. The high degree of
delocalization was expected to influence the unpaired spin density of the LUMO. Upon
charging the molecule, the solution changed color to a dark brown. The reduced solution
was tipped into an EPR tube and the X-band spectra were recorded. Figure D-3 shows
the resulting experimental spectrum (black, top) along with a simulated spectrum (red,
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bottom). As expected, the unpaired electron is highly delocalized over the molecule, with
small amounts of spin on phenyl hydrogens splitting the expected 12C singlet into many
peaks. A weak intensity 1:2:1 pattern was also seen, characteristic of spin on two
equivalent hydrogen nuclei. This pattern was probably caused by a radical impurity.

Figure D-3: Experimental (top) and simulated (bottom) EPR spectra of the anion of an expanded
radiannulene

The simulation was not perfect, and indeed, various combinations of spin populations
yielded almost the same simulated spectrum.
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All simulations assumed a hyperfine

interaction with 40 hydrogens, and only multiples (or close) of 0.225 (0.450, 0.900) came
close to fitting the experimental spectrum. Table D-1 shows hydrogen multiplicities and
hfcc that all fit the EPR spectrum equally well. To attempt to decipher the geometry and
spin density of the anion to explain the EPR data, a semi-empirical AM1 calculation of
the singly occupied molecular orbital (SOMO) of the radiannulene was carried out.
Figure D-4 shows the resulting geometry and spin populations, with blue having the most
unpaired spin and red the least. While the figure does explain the small hyperfine
splitting from the phenyl hydrogens, it doesn’t decisively answer the questions regarding
hydrogen chemical environmental symmetry. A high level DFT calculation of the anion
geometry and spin population is needed to determine a reasonable model.

Table D-1: Four combinations of hfcc and spin multiplicities that fit the experimental EPR spectrum shown
in Figure D-3.
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Figure D-4: Semi-empirical AM1 Spartan calculation of the SOMO of the extended radiannulene.
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Appendix D
Electrochemistry of an Azo-based Photoswitch177

A

photoswitchable

azobenzene–phthalocyanine–azobenzene

triad

was

synthesized by Jose´ L. Rodrıguez-Redondo, Angela Sastre-Santos, and Fernando
Fernandez-Lazaro in Spain. Its electrochemical properties were determined in this study.
Energy transfer among the subunits allowed for modification of the E–Z ratio by
selective excitation of the phthalocyanine moiety.

Figure A-1: The compounds represented in this study. 1, 3, and 4 were studied by electrochemistry.

Compound 1 is the first example of a silicon Pc–azobenzene conjugate and,
unlike other Pc-conjugate systems, the properties of both moieties in 1, Pc and azoarene,
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can be mutually modulated by light. Thus, fluorescence emission of the phthalocyanine
moiety is controlled by the isomerization state of the azo- group, which in turn is
regulated by irradiation of the absorption bands of the phthalocyanine.

The

electrochemistry of 1, 3, and 4 was studied in oxygen-free anhydrous THF (reductions of
1, 3, and 4; oxidations of 1 and 4) or MeCN (oxidations of 3) using a standard three-

electrode setup. Compound 4 was used as a model compound for Si(Pc)(OH)2 because of
its higher solubility, lower tendency for aggregation and negligible electronic
perturbation due to the t-butyl substituents. A set of three reduction waves were observed
in THF for 3 and 4 whereas for 1 a more complex electrochemical profile was observed
with a set of six reduction waves (Figure A-3 and Table A-1). An important aspect of the
reduction window for compound 1 is the fact that the second reduction wave is split into
two waves, suggesting some degree of electronic delocalization over the two azoarene
moieties, but it is difficult to assign which wave corresponds to the Pc and which to the
coordinated azoarene. One oxidation wave was observed for 1, two oxidations for 3, and
three oxidations for 4.

Figure A-2 Interconversion between 1-E and 1-Z
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Figure A-3: Osteryoung square wave voltammetry (OSWV) for 1 (a), 3 (b) and 4 (c) in THF containing
TBAPF6

Table A-1 Electrochemical Potentials
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Appendix E
Electrochemistry of trinitrofluorene-fullerene Dyads178

Novel trinitrofluorene–C60 dyads bearing a flexible polyether chain were
synthesized by Luis Martın-Gomis, Javier Ortiz, Fernando Fernandez-Lazaro, and Angela
Sastre-Santos in Spain and characterized. UV–Vis spectroscopy and cyclic voltammetric
results (carried out here at Clemson) indicate that there is no interaction in their ground
states. NMR and electrochemical studies of dyads 2 and 3 in solution indicate the
existence of a charge-transfer complex between the trinitrofluorene moieties and Nethylcarbazol. Preliminary results of the photorefractive performance of these compounds
as sensitizers in polymer composites based on poly(N-vinylcarbazole) are similar to that
of C60, but with shorter response times and slightly lower gain coefficients.
To date, the most successful class of sensitizers incorporated into photoconductor
polymers have been C60 and 2,4,7-trinitro-9-fluorenone (TNF). C60 is a unique molecule
with a vast array of interesting properties. Among them, it is an outstanding
photosensitizer due to its long-lived triplet state, high absorption, the presence of various
stable oxidation states and the low degree of charge recombination. It has been found that
the photogeneration efficiency of poly(N-vinylcarbazole) (PVK) based composites
sensitized with C60 is higher than when other sensitizers are used. TNF is a strong
electron acceptor, even better than C60, a characteristic which allows the formation of
robust CT complexes with charge transporting molecules of the carbazol series. Thus, the
covalent linking of C60 and trinitrofluorenone would render a photosensitizer combining
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the exceptional properties of each moiety, and is expected to optimize the charge-transfer
properties with PVK increasing the charge generation efficiency.

Figure B-1: Compounds 2 and 3

Figure B-2: Compounds 10 and 11

Electrochemical Osteryoung square wave voltammetric (OSWV) studies of
compounds 2 and 3, and their respective reference compounds 10 and 11, showed
reduction waves corresponding to both the TNF and N-methylfulleropyrrolidine moieties.
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Table B-1: Electrochemical data for fluorine derivatives

Figure B-3: OSWV of compounds 10 and 2. Impurity marked by asterisk.

In both cases, the first reduction was slightly shifted anodically, suggesting only a
very small interaction between the fullerene and the substituent. For compound 3, the
second TNF-based reduction overlapped with the first fullerene based reduction, resulting
in a 2-electron wave.
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Figure B-4: OSWV of compounds 11 (a) and 3 (b). Impurities marked by asterisk.

The sequential addition of N-ethylcarbazole, up to a 100-fold excess, to the
solution of compound 2 (Figure B-5) caused a cathodic shift in the first TNF-based
reduction of 38 mV, thus confirming the NMR results suggesting that the p-donor formed
a complex with 2, which increased the electron density on the TNF moiety. The first
fullerene-based reduction was also shifted by a comparable amount, which is reasonable
since C60 is also known to be a good electron acceptor. As a result, the already reduced
fluorenone moiety would exhibit a strongly decreased ability to interact with ECZ. In the
case of compound 3, after addition of 100 equiv of N ethylcarbazole (Figure B-6), the
first TNF-based reduction was shifted cathodically by 70 mV, while the fullerene-based
first reduction did not shift. This observation can be rationalized on the basis of the
increased electron-accepting ability due to the two cyano- groups on the TNF moiety,
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which increases dramatically its electron-accepting ability as compared to that of
compound 2 to such an extent, that the reduced fluorene moiety still interacts stronger
with ECZ than the fullerene one does.

Figure B-5: OSWV of compound 2 before (thin line) and after (thick line) addition of 100 equiv of Nethylcarbazole.
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Figure B-6: OSWV of compound 3 before (thin line) and after (thick line) addition of 100 equiv of Nethylcarbazole.
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